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Semitransparent organic solar cells (STOSCs) combine the benefits of visible light transparency with 
light-to-electrical energy conversion. One of the greatest potential applications for STOSCs is their 
integration into windows and skylights in energy-sustainable buildings. In order to realize this 
application, we need to study both performance and aesthetic aspects of these solar cells. 
So, in this study, we firstly have made various efforts to improve the performance of organic solar 
cells. ⅰ) We have comprehensively studied the effect of various solvent additives (1,8-octanedithiol 
(ODT), 1,8-diiodooctane (DIO), diphenylether (DPE) and 1-chloronaphthalene (CN)) on the BHJ PSCs 
based on TQ1:PC71BM. And we have found that the addition of 5% CN leads to smoother films, less 
heterogeneous surface features, and well-distributed TQ1:PC71BM phases, resulting in more balanced 
charge transport in the devices and a highly efficient power conversion efficiency (PCE) of 7.08%.    
ⅱ) We have studied about two new polymers incorporating either phenothiazine or its oxidized analogue 
phenothiazine-S,S dioxide as the donor and benzothiadiazole as the acceptor, namely PPTDTBT and 
PPTDTBT-SS, respectively. We found that PSCs based on PPTDTBT in a conventional architecture can 
reach higher PCE, whereas the utilization of its oxidized form, PPTDTBT-SS, in inverted solar cells 
shows improved performance, when compared to conventional devices. The results obtained here are 
very helpful for molecular design strategies aimed at creating inverted solar cells with higher device 
performance. ⅲ) We have researched a p-type photoactive material that replaces thiophenes to 
selenophene units in PCDTBT, inducing a lower bandgap (1.70 eV) than that of PCDTBT (1.85 eV), 
while the ideal HOMO energy level (−5.40 eV) is still maintained. Another notable finding comes from 
our observation of PCDSeBT with a relative wider absorption band, as a result of strong intermolecular 
Se···Se interactions. This work has provided a feasible strategy for selective fine-tuning of LUMO 
levels by achieving a high JSC value, while mostly keeping a high VOC. ⅳ) We have studied about the 
finding optically advantageous metal electrodes for organic solar cells. The reflectivity of each metal 
electrode was found to considerably influence the light harvesting within the active layer. This study 
provides guidelines and rational for the selection of appropriate top electrodes in future PSC devices. 
In addition, the optical properties of each metal were contributed to design the semitransparent 
electrodes. 
Next, we have demonstrated an efficient strategy to achieve high-quality and colorful semitransparent 
organic solar cells (STOSCs) using Fabry-Pérot etalon-type electrodes composed of an Sb2O3 cavity 
layer and two thin Ag mirrors. This type of Sb2O3-based metal/dielectric/metal (MDM) electrode can 
be deposited by thermal evaporation and can function effectively as both a top conducting electrode 
and a color filter. By varying the thickness of the Sb2O3 layer, the color of the electrodes can be easily 




And then, we found colorful (red, green, blue) organic active materials with combinations of various 
donors and acceptors.  
Finally, with the dual-function electrodes, we achieved efficient STOSCs with vivid colors and 
natural transparency. To achieve saturated colors and low photocurrent losses, active layer materials 
were selected such that their transmittance peaks matched the transmittance maxima of the electrodes. 
These strategies for colorful STOSCs enable high performance colorful semitransparent organic solar 
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1.1 Introduction to Solar Energy and Organic Solar Cells 
1.1.1 Unlimited Energy Resource: Solar Energy and Solar Cells 
Recently, with the development of electronic devices and the introduction of the IoT (Internet of 
Things) system, the demand of electric energy has been increasing. Up to now, most of the electrical 
energy has been supplied from petroleum fuel. However, petroleum fuels have limited reserves and 
cause a lot of environmental pollution. As a result, the renewable energy needs to be developed actively. 
Among all renewable energy sources, solar energy is an unlimited and potential energy resource for 
future energy needs. The sun provides about 120,000 terawatts of energy to the earth’s surface per year, 
which amounts to 6~7 thousand times the world’s present energy consumption. Solar cells convert 
sunlight directly into electrical energy without noise, pollution or mechanical driving parts, so they 
provide a unique and safe energy resource. In addition, solar cells are suitable for production because 
they are based on the same principles and materials as semiconductors, which enable the development 
of computers and communication technologies. Figure 1.1.1. shows global energy potential. 
Comparison of renewable and conventional energy sources. For renewable, the amount of energy is 
shown per year, while for conventional sources the total reserve is displayed. 
 


























1.1.2 Basic of Sunlight 
The light that we see every day is only a part of the total energy emitted from the sun that 
comes to Earth. Sunlight takes the form of ‘electromagnetic radiation’, and the visible portion 
of the electromagnetic spectrum is just a tiny portion of the full spectrum, as shown in Figure 
1.1.2. 
 
Figure 1. 1. 2. The electromagnetic spectrum. 
 
Sunlight can be separated by passing it through a prism or through a drop of water, as in the 
case of a rainbow. Different wavelengths show different colors. Light, except the visible range, 
is invisible to the human eye. 
Solar radiation in the atmosphere is relatively constant, but solar radiation on the Earth’s 
surface depends on the absorption and scattering of water vapor, clouds, and pollutants, as well 
as changes in geographic latitude, season and time of day. As the sunlight passes through the 
atmosphere, gas, dust, and aerosols absorb the incident photons. In particular, certain gases, such 
as ozone (O3), carbon dioxide (CO2), and water vapor (H2O), absorb photons close to their 
combined energy. Far infrared (FIR) light is absorbed by water vapor and carbon dioxide, while 
most of the ultraviolet (UV) light is absorbed by ozone. Surprisingly, God created the Earth 
surrounded by the ozone layer, water vapor, and the atmosphere. As a result, the sun’s radiation 
outside of the atmosphere and the sun’s radiation to the Earth have slightly different shapes, as 
shown in Figure 1.1.3. The absorption by certain gases in the atmosphere have a relatively 
minor impact on the overall power. Instead, the main factor that reduces the output of solar 
radiation is absorption and scattering by air molecules and dust. This absorption process causes 




overhead, the absorption in the visible spectrum creates a relatively uniform reduction due to 
these atmospheric elements, so the incident light appears white. But, for long path lengths of 
sunlight, the absorption and scattering of short wavelengths light is dominant. So, in the morning 
and evening, the sun appears red in the sky, and its intensity is weaker than in the daytime. 
 
 
Figure 1. 1. 3. Solar radiation spectrum. 
 
‘Air Mass’ looks at the length of the shortest path light takes through the atmosphere before 
reaching earth and uses it determine the amount by which light output decreases as it is absorbed 





  (1-1) 
 
Here, θ is the angle from the vertical line (when the sun is directly overhead) to the surface. 
When the sun is directly overhead, Air Mass is 1. The standard spectrum of the outside 






1.1.3 History of Solar Cells 
The photovoltaic effect was discovered by Edmond Becquerel in 1839, The photovoltaic effect occurs 
when produced power increases when light is shone on two metal electrodes in an electrolyte. In 1873, 
the photoconductivity of selenium was discovered by Willoughby Smith, and in 1876, William Grylls 
Adams and Richard Evans Day produced electricity when they exposed selenium to light. In 1905, 
Albert Einstein published a paper on the photoelectric effect. (In 1921, Albert Einstein won the Nobel 
Prize for photoelectric effect theory.) Jan Czochralski developed a method of growing highly pure single 
crystal silicon in 1918. This method has contributed greatly to the commercialization of silicon solar 
cells. In 1954, photovoltaic technology was started with a 4% efficiency in the United States. This fist 
silicon photovoltaic (PV) cell was developed by Daryl Chapin, Calvin Fuller, and Gerald Pearson at 
Bell Labs. The first n-on-p silicon photovoltaic cells were fabricated by T. Mandelkorn, at U.S. Signal 
Corps Laboratories in 1958. Silicon Sensors, Inc., of Dodgeville, Wisconsin, started producing selenium 
and silicon photovoltaic cells in 1960. NASA launched the first spacecraft (Nimbus), a satellite powered 
by a 470watt photovoltaic array in 1964. The world’s first photovoltaic powered residences were 
established by the University of Delaware in 1973. The U.S. Department of Energy launched a solar 
energy research institute “NREL (National Renewable Energy Laboratory)” in 1977. 1 Figure 1.1.4. 
shows the history of solar cells efficiency in NREL chart. 2 
 
 







As above, before the 1950s, the basic theoretical part of solar cells was studied. The first practical 
solar power technology was introduced in the 1950s, and solar cells were first spotlighted as a power 
source for the field of space exploration in the 1960s. Due to the world’s growing interest in the Earth’s 
alternative energy source since the 1970s, solar power has been studied as a source of renewable energy. 
Solar cells using various materials have been developed so far, and the efficiency of each solar cell has 
been rapidly enhanced so that they can be commercialized. As shown below, the current aspect of the 
growing solar market means that solar energy is becoming a power source in more applications than 
ever before. (Figure 1.1.5.) 3 
 
 





1.1.4 Working Principle of Organic Solar Cells 
The working mechanism of organic solar cells is different from that of silicon-based solar cells. 
Organic solar cells consist of a light absorption layer and charge transfer layer which are stacked in a 
sandwich structure between an anode and cathode, as shown in Figure 1.1.6 a. 
The light absorption is based in an organic semiconductor, such as a conjugated polymer or small 
molecules. The conjugation of the organic materials helps to have conducted or semiconducting 
properties through delocalized electrons associated with double bonds across the conjugation. These 
delocalized electrons have higher energies in the lowest unoccupied molecular orbital (LUMO) than 
valence electrons in highest occupied molecular orbital (HOMO). These energy levels are equivalent to 
the conduction and valence band in inorganic semiconductor materials (Figure 1.1.6 b, c). 
 
 
Figure 1. 1. 6. (a) Structure of organic solar cells. Energy band diagram of the (b) organic 
semiconductor, and (c) inorganic semiconductor. 
 
Two organic semiconductors, called donors and acceptors, each with different properties are used in 
the light absorbing layer. In most organic solar cells, the light is absorbed by the donor and the electrons 
in the donor are excited from the ground state (HOMO) to the higher energy state (LUMO). The excited 
electrons in LUMO and holes that are empty of the electrons in HOMO form electron hole pairs 
(excitons). The generated excitons diffuse throughout the donor to donor-acceptor interface and 
dissociate themselves from the charge carrier to become independent electron and holes. However, the 
excitons are electrically neutral, and so are impervious to the internal electric field and have a short 
diffusion length (~ 50Å) caused by the short lifetime of organic materials. Therefore, exciton diffusion 













Figure 1. 1. 7. The working principle of organic solar cells in the bulk-heterojunction or bi-layer 
structures. (1) absorption of light and exciton generation, (2) exciton diffusion to the donor and acceptor 
interface, (3) charge separation (in the donor/acceptor interface), (4) charge transport, (5) charge 
collection. 
 
The first organic solar cell was proposed in 1986 by C. Tang as a bilayer structure with a copper 
pthalocyanine (CuPc) and perylene teracarboxylic derivative.4 But the efficiency was kept very low by 
the limited exciton diffusion. In the bilayer structure, in which donor and acceptor are stacked in series, 
exciton diffusion into the donor/acceptor interface is necessary for exciton dissociation. However, 
excitons are electrically neutral, as they are unaffected by the internal electric field, and the diffusion 
length is limited to ~ 50Å due to the short life of excitons in organic materials. The bulk heterojunction 
structure was proposed in 1992 5 to solve this problem. In the bulk heterojunction structure, the donor 
and acceptor organic materials are mixed at the nanoscale level, so that excitons can reach the interface 
before recombination. Recently, new organic semiconductor materials that have a long exciton diffusion 
length or that can efficiently dissociate electrons and holes have been developed. Bilayer organic solar 
cells are therefore gaining attention again. Figure 1.1.7 shows the working principle of organic solar 
cells in the bulk-heterojunction or bi-layer structure. 
For efficient transportation of electrons and holes, charge carrier transporting layer is inserted 
between the light absorption layer and electrodes. These layers promote the transport of electrons or 
holes through favourable energy level positioning, while blocking the other carrier transportation. As 
such, the electron transport layer is sometimes called the hole blocking layer, and vice versa. 
Finally, charge carriers are collected through the electrodes and move along an external circuit to 
perform electrical work. The electrical properties of the interface between the electrodes and charge 




collection efficiency, buffer layers are developed or a metal that has an appropriate work function is 
used as an electrode. 
 
1.1.5 Characterization of Organic Solar Cells 
The J-V curve of solar cell that shows several important parameters for determine the performance 
of solar cells such as short circuit current density (JSC) and open-circuit voltage (VOC), fill factor (FF), 
and efficiency (Figure 1.1.8.) 
  
Figure 1. 1. 8. The J-V characteristics of solar cell under illumination. 
 
The J-V curve of solar cell follows the modified diode equation. The current density of the solar cell 
is mostly due to the photo-generated current (JL). Various factors affect the current value, such as the 
saturation current of diode (JS), ideality factor(n), device area(A), series resistance (Rs), and shunt 
resistance (Rsh). Two resistors of Rs and Rsh cause parasitic loss while the solar cells are operating.  
 
 𝐽 = 𝐽𝑆 [exp (
𝑞(𝑉−𝐽𝑅𝑠𝐴)
𝑛𝑘𝑇
) − 1] +
𝑉−𝐽𝑅𝑠𝐴
𝑅𝑠ℎ𝐴
− 𝐽𝐿  (1-2) 
 
Short circuit current density (JSC) is the current density generated in the solar cell when the voltage 
across both electrodes is the same (when the solar cell is short-circuited). JSC is the maximum current 




short circuit current is equal to photo-generated current. 
The short circuit current density depends on several factors: 
1. The number of photons (the power of incident light)  
2. The spectrum of incident light 
3. The optical properties of the solar cell (absorption and reflection)  
4. The probability of carrier collection depends on surface passivation and minority carrier lifetime 
 
The open-circuit voltage (VOC) is the maximum voltage that can be generated from a solar cell, and 
is the voltage when the net current is zero (when the solar cell is open circuited). VOC can be obtained 








+ 1) (1-3) 
 
The VOC depends on the saturation current (JS) and the photo-generated current (JL). While 
JL typically has a small variation, the main factor is JS. The JS depends on recombination in the solar 
cell, so open voltage is directly affected by the degree of recombination among the charge carriers. 
The JSC and the VOC are the maximum current and voltage that can be obtained from a solar cell 
respectively. However, at both conditions, the power density (produce of current density and voltage) 
generated from the solar cell is zero. The "fill factor (FF)" is one of the key parameters that determines 
the maximum power density generated from a solar cell. The FF is defined as the ratio of the maximum 










JSC, VOC and FF can determine the performance of one commonly used solar cell parameter. The 
power conversion efficiency(PCE, η) is defined as the ratio of maximum energy generated from the 
solar cell (Pmax) to input energy from light (Pin). The efficiency depends on the spectrum and intensity 




measuring the performance of the solar cells must be carefully controlled for accurate performance 









1.2 Basic of Semitransparent Solar Cells 
1.2.1 Background 
In future society, all buildings will combine energy efficient design with renewable energy 
technology to build a net-zero energy building. The building-integrated photovoltaic (BIPV) 
technologies are intended to achieve building net zero energy consumption by transforming buildings 
from energy consumers to sustainable energy producers. BIPV technologies are basically photovoltaic 
systems that form the integral parts of the building envelope. BIPV is harnessed using a range of 
advanced technologies such as solar heating, photovoltaic systems, solar thermal energy, and artificial 
photosynthesis. Among the BIPV technologies, the semitransparent integrated PV is the most used 
technology in windows and facade of building. Because during the production of electricity, natural 
light enters the building, creating a good environment. Therefore, it is the most promising future energy 
system for urban environments. Then, how to make the semitransparent solar cells?  
 
1.2.2 How to Make Semitransparent Solar Cells? 
Until recently, semitransparent solar cells markets are mostly based on Si solar cells. Crystalline Si 
solar cells are usually placed on glass for semi-transparency and are manufactured using partial shading 
technology. Due to the opacity of crystalline Si solar cells, transparency can be attuned by controlling 
the space between cells of the panel. However, the semitransparent Si solar cells have limited color 
control or other aesthetic aspect. 6 
Recently, to overcome these limitations, the development of semitransparent organic solar cells or 
semitransparent perovskite solar cells, in which various colors can be realized is in the spotlight. 
Perovskite solar cells (PVSCs) and organic solar cells (OSCs) are highly attractive due to their inherent 
properties, as shown in Table 1.2.1.  
 
Table 1. 2. 1. Comparison of each optimized thickness and absorption properties and charge mobilities 
between various semiconductor materials. 
Photovoltaic 
Materials 




Broad band  
Absorption coefficient : 103 
103 
a-Si 1 
Broad band  
Absorption coefficient : 104 
10-1 
Perovskite 0.3 
Broad band  
Absorption coefficient : 105 
101 
Organic materials 0.1 
Confined band absorption 






Figure 1. 2. 1. The semitransparent semiconductor materials used in photovoltaic devices. 
 
Among the semitransparent semiconductor materials used in solar cells (Figure 1.2.1.), organic 
materials have low charge carrier mobility, and thus their short diffusion length limits the optimal 
thickness of the active layer in polymer solar cells (~100nm). So optimized OSCs are inherently 
semitransparent. Even though the optimized active layer thickness is less than 100nm, due to a high 
absorption coefficient, it is suitable for manufacturing high performance semitransparent solar cells. 
Also, another advantage is what can be color tuning by bandgap engineering. For this reason, 
semitransparent organic solar cells (STOSCs) have been actively studied in recent years. 
To realize semitransparent organic solar cells, both semitransparent active materials and 
semitransparent electrodes need to be studied. Table 1. 2. 2. displays a summary of the performances 
and optical properties in STOSCs using various semitransparent active materials and semitransparent 
electrodes. 
 
Table 1. 2. 2. Summary of the performances and optical properties in STOSCs 








PTB7:PC71BM graphene 3.4 @ 40 - (0.3109,0.3357) 7 
PBDTT-DPP:PC61BM AgNW 4.0 @ 61   8 
PBDTT-SeDPP:PC61BM AgNW 4.6 @ 63   9 
PCPDTFBT:PC71BM 
ultrathin film metal 
(Ag 10nm) 
5.0 @ 47.3  99  10 





ultrathin film metal 
(Ag 6nm) 




PCDTBT: PC71BM Ag/1-D photonic crystal 5.3 @ 25.1  97 12 
PTB7-Th:IHIC 
ultrathin film metal 
(Au 1nm/Ag 15nm) 
9.8 @ 36   13 



















In this paper, we realized a high performance semitransparent solar cells with development of high 
quality semitransparent electrodes and founding high efficiency colorful active layer through various 
combinations of donor and acceptor. 
 
1.2.3 Figure of merits of Semitransparent Solar Cells 
The transparency and color of semitransparent photovoltaic windows should be provided the 
aesthetic parts and comfortability when the resident looks out through the window. To optimize the 
STOSCs, various parameters should be evaluated, such as average visible light transmittance (AVT), 
transparency color perception, and color rendering index (CRI) as well as PCE. 
 
1. Average Visible Light Transmittance (AVT) 
The AVT is defined as the average transparency of the cell in the visible wavelength range of 
400nm~700nm, considering the spectral response of the human eye. The AVT should be reported as the 
integration (first moment) of the transmission spectrum and AM 1.5G photon flux weighted against the 





where 𝑇(𝜆) is the transmission spectrum and 𝑉(𝜆) is the photopic response. 
The transmittance required for semitransparent photovoltaic cells depends on where they are used, 
but it is generally accepted that 20–30% AVT is the minimum requirement for the window applications. 
In addition, the colors and transmittance of STOSCs are decided by semitransparent semiconductors 





2. Transparency Color Perception 
The color sense that our eyes can detect is very different from the color sense measured using general 
optical equipment. Our eyes respond better to certain wavelengths, but since optical equipment does 
not take such matters into consideration, the color sense seen by our eyes and the color analyzed by the 
equipment show a lot of differences. In order to correct such a point, it is a more accurate method to 























= 1 − 𝑥 − 𝑦
  (1-8) 
 
where X,Y,Z are tristimulus values, 𝜑(𝜆)  is the spectral power distribution of the tested 
transmittance light, and ?̅?(𝜆), ?̅?(𝜆), 𝑧̅(𝜆) are color matching functions: their spectra can be seen in 
Figure 1. 2. 2. and Figure 1. 2. 3. shows the CIE 1931 chromaticity space. 
 
 





Figure 1. 2. 3. The CIE 1931 chromaticity space. 
 
Standard illuminant D65 and AM 1.5G solar spectrum are commonly used reference for evaluating 
the factors of STOSCs. 
 
3. Color Rendering Index (CRI) 
The color rendering feature of STOSCs cannot be expressed simply through transparency perception, 
so it is necessary to define the CRI index. CRI is derived from transmitted light according to the standard 
CIE procedure and ranges from 0 to 100. In other words, the higher CRI the more accurately the color 
is expressed, and a lower CRI shows a lower ability to express color. Figure 1. 2. 4. shows a comparison 
of CRI 75 and 95 strawberry photograph. As shown in the photographs, higher CRI shows more clearer 
colors, closer to the natural color. 
 
Figure 1. 2. 4. Comparison of CRI 75 and 95 in strawberries photograph. 




Ⅱ. Study on Organic Solar Cells for Improving Performances 
 
2.1. High-Efficiency Polymer Solar Cells with a Cost-Effective 
Quinoxaline Polymer through Nanoscale Morphology Control Induced by 
Practical Processing Additives247 
 
2.1.1 Research Backgrounds 
Bulk-heterojunction (BHJ) polymer solar cells (PSCs) based on conjugated donor polymers 
and acceptor fullerenes are promising devices for alternative energy sources because of their 
potential applications in flexible, lightweight, and low-cost large-area devices through roll-to-
roll printing. 17-22 Primarily thanks to the development of new low bandgap donor polymers. 23-
26
 and better control of the nanoscale morphology of the interpenetrating electron donor/acceptor 
networks, 27-35 great progress has been made in this field, and the power conversion efficiencies 
(PCEs) of solution-processed PSCs have reached 7-8%. 36 In principle, to push the PCEs of 
PSCs towards the theoretical limitation, 37 achieving both a high short-circuit current (JSC) and 
a high open-circuit voltage (VOC) is critical, indeed essential, which has been succeed in using 
low bandgap polymers with deeper highest occupied molecular orbital (HOMO) levels  38,39 such 
as PSiFDTBT, 40 PFDTBT 41, and PCDTBT. 42, 43 On the other hand, many largely empirical 
strategies have been applied to achieve the aforementioned nanoscale morphology, including 
postproduction annealing 44, 45, solvent annealing 46, 47, and the introduction of processing 
additives 48. Alongside higher PCEs, for enhancing the confidence in the commercialization of 
PSCs, it is of critical importance to synthesize inexpensive polymers as well as to minimize 
processing cost. 
In this regard, we focus our attention to an easily attainable poly(2,3-bis-(3-
octyloxyphenyl)quinoxaline-5,8-dyl-alt-thiophene-2,5-diyl) (TQ1) that simultaneously 
possesses HOMO (~ -5.5 eV) and low bandgap (~ 1.7 eV) 49 as required by the proposed ‘ideal 
polymers 50, as well as the processing additives capable of modifying the BHJ organization in 
that they do not require additional fabrication steps. Despite the initial high PCE of up to 6.0% 
in a typical BHJ device from TQ1 and [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) 
51, 
no attempt has been made to create the optimal blend nanomorphology by using such techniques 
listed above for more efficient PCE operation. 
In this contribution, we have comprehensively studied the effect of various solvent additives (1,8-




the BHJ PSCs based on TQ1:PC71BM. Upon adding 5% (v/v) CN to the BHJ active layer, a PCE as 
high as 7.08% with JSC of 12 mA/cm
2 and VOC of 0.91 V is achieved. To the best of our knowledge, this 
is the highest value among quinoxaline-based PCSs reported to date. The techniques of X-ray diffraction 
(XRD), atomic force microscopy (AFM), and transmission electron microscopy (TEM) have been 
applied to study the influence of CN on the nanomorphology of TQ1:PC71BM blend. Besides, since 
long-term stability is another primary area of concern for commercial PSCs, the potential utilization of 
TQ1:PC71BM into inverted PSCs with ZnO and MoO3 as electron-selective and hole-selective layers is 
explored, resulting in a high PCE of up to 5.83%. The inverted device using Au electrode retains over 
80% of its original conversion efficiency after 30 days while the conventional one shows negligible 
photovoltaic activity within 7 days. From a manufacturing perspective, our studies boast a promising 






2.1.2 Experimental Details 
Materials and Characterizations 
Unless state otherwise, all reagents were purchased either from Aldrich or Acros and used 
without further purification. THF was distilled over sodium/benzophenone. 1H NMR spectra 
were acquired from a VNMRS 600 (Varian, USA) NMR spectrometer. Tetramethylsilane was 
used as an internal reference with deuterated chloroform as solvent. Gel Permeation 
Chromatography (GPC) was performed on Agilent technologies 1200 series (UV detector at 
500nm). THF and PS was used respectively as eluent and standard for GPC analysis. UV-Vis 
absorption was measured with Cary 5000 UV/Vis-NIR spectrometer (Varian USA). Cyclic 
voltammetry measurements were carried out on Solartron electrochemical station (METEK, 
Versa STAT3) at a scan rate of 100 mV/s at room temperature under argon. A three-electrode 
setup was used with platinum wire both as counter and working electrode and Ag/AgCl used as 
reference electrode to be calibrated using a ferrocene/ferrocenium redox couple as an external 
standard, whose oxidation potential is set at -4.8 eV with respect to zero vacuum level. A 0.1 M 
solution of n-tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) in degassed anhydrous 
acetonitrile was used as supporting electrolyte. The polymer thin film was deposited on PT 
working electrode. 
Fabrication of Photovoltaic Cells 
PSC devices were fabricated according to the following procedure: First, the ITO coated glass 
substrate was cleaned with detergent, then sequentially ultrasonicated in distilled water, acetone 
and isopropyl alcohol, and then dried overnight in an oven at 100 oC. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Baytron PH) was spin-cast at 
5000 rpm for 40 s. The substrate was dried at 140 oC in air for 10 min. Subsequently, it is moved 
into a glove box for spin-coating the active layer. A mixed solution of TQ1:PC71BM in o-
dichlorobenzene (o-DCB) with various additives (1,8-octanedithiol (ODT), 1,8-diiodooctane 
(DIO), diphenylether (DPE) and 1-chloronaphthalene (CN)) was spin coated at 1400 rpm for 60 
s on the top of the PEDOT:PSS layer to obtain a BHJ film. These samples were brought into a 
vacuum system (about 10-7 Torr), and an Al electrode (100 nm) was deposited on the top of the 
BHJ layer. In the case of inverted structure cells, ZnO is applied as electron transport layer. ZnO 
layer was deposited on ITO coated glass by spin coating with 3000 rpm for 40 s and dried at 
120 oC in air for 15 min. The active layer was coated with the same method explained above. 
Then, a thin layer of MoO3 film (~5 nm) was evaporated on the top of the active layer. Finally, 
the anode (Ag or Au, ~95 nm) was deposited on the active layer in a vacuum (about 10 -7 Torr) 
thermal evaporator. Measurements were carried out with the solar cells in the glove-box by 




Keithley 2635 A source. The solar cell devices were illuminated at an intensity of 100 mW/cm2. 
For the accurate information, the IPCE measurements were carried out with QEX7. The device 
structures of the hole and electron only devices are ITO/PEDOT:PSS/TQ1:PC71BM/Au and 
FTO/TQ1:PC71BM/Al, respectively. The space-charge-limited current (SCLC) mobilities were 








where 𝜀r⁡is the dielectric constant 
of the material, 𝜀0⁡is the permittivity of free space, L is the distance between the cathode and 





2.1.3 Results and Discussion 
Figure 2.1.1a-c present the molecular structures of TQ1, PC71BM, and solvent additives used 
in this study together with the energy level diagrams of the component materials. TQ1 was 
synthesized by a Stille coupling according to literature reports  52, 53, which shows a relatively 
high number average molecular weight (Mn) of 48 kg/mol with polydispersity index (PDI) of 
3.6, as determined by gel permeation chromatography (GPC). On the basis of the photophysical 
and electrochemical studies (see Figure 2.1.2), as the reduction potentials of TQ1 are out of our 
scan range, the lowest unoccupied molecular orbital (LUMO) energy level (-3.8 eV) is 
calculated from the HOMO energy level (-5.5 eV) and the optical band gap (1.7 eV). 
 
 
Figure 2. 1. 1. (a) Molecular structures of TQ1, PC71BM, and (b) various solvent additives used in this 
study. (c) Energy level diagram of the components. (d) DFT-optimized geometries and charge-density 
iso-surfaces for the HOMO and LUMO levels of TQ1 trimer. 
 
Upon utilizing a model trimeric system containing methoxy groups instead of octyloxyl 
chains for simplicity, the optimized molecular geometry of TQ1 and its molecular orbitals of 
the calculated HOMO and LUMO iso surfaces were computed by density functional theory 
(DFT, B3LYP/6-31G) (Figure 2.1.1d). Interestingly, the molecular orbital distributions reveal 
that both the HOMO and LUMO are well spread over the whole conjugated backbone, implying 
a ‘strong donor-weak acceptor’ system of TQ1. This contrasts with many other donor-acceptor 
polymers in which the LUMO is localized upon the electron accepting core of the polymer 








alignment of the localized LUMO levels 54, 55. As well, good coplanarity exists between the 
comonomers (see the top view in Figure 2.1.1d). 
 
 
Figure 2. 1. 2. (a) UV-Vis absorption spectra of TQ1 in dilute chloroform solution and thin films on 






Table 2. 1. 1. Photovoltaic parameters of the devicesa 
a 2 wt% from o-DCB 
 TQ1 (Film on Pt electrode)
 Ferrocene (Solution)


















Potential (V vs Ag/AgCl)
a) b)
TQ1:PC71BM JSC [mA/cm
2] VOC [V] FF PCE [%] 
1:3 (w/w), w/o additives 8.03 0.90 0.54 3.94 
1:3 (w/w), with 2% ODT  4.84 0.79 0.51 1.93 
1:3 (w/w), with 2% DIO 6.07 0.91 0.59 3.27 
1:3 (w/w), with 2% DPE 9.22 0.89 0.58 4.77 
1:3 (w/w), with 2% CN 10.9 0.81 0.56 4.94 
1:2 (w/w), w/o additives 7.42 0.83 0.59 3.61 
1:2 (w/w), with 2% CN 11.8 0.84 0.64 6.38 
1:2 (w/w), with 5% CN 12.2 0.91 0.64 7.08 


































 1:2, w/o additives
 1:2, 7% CN
 1:3, 2% ODT
 1:3, 2% DIO
 1:3, 2% DPE
 
Figure 2. 1. 3. J-V characteristics of PSCs based on TQ1:PC71BM without or with various additives. 
 
 
Figure 2. 1. 4. (a) J-V characteristics and (b) incident photon-to-current efficiency (IPCE) of PSCs 
based on TQ1:PC71BM without or with different concentrations of CN. 
a)





 1 : 3, w/o additives
 1 : 3, with 2% CN
 1 : 2, with 2% CN


















 1 : 3, w/o additives
 1 : 3, with 2% CN
 1 : 2, with 2% CN

























Photovoltaic effects of TQ1 were investigated in BHJ PSCs with the device structures of the 
standard configuration glass/ITO/PEDOT:PSS/TQ1:PC71BM/Al. The optimized fabrication 
process of PSCs by casting TQ1:PC71BM in a 1:3 (w/w) ratio from o-dichlorobenzene (o-DCB) 
was reported in previous work, and was therefore used to make the PSCs under the same 
conditions, firstly (see the experimental section for the detailed information). The representative 
current-density-voltage (J-V) characteristics of the devices under the illumination of simulated 
AM 1.5G conditions (100 mW/cm2) are shown in Figure 2.1.4 and the parameters are 
summarized in Table 2.1.1. In this condition, only modest PCE of 3.94% with a VOC of 0.90 V, 
a JSC of 8.03 mA/cm
2, and a fill factor (FF) of 0.54 is obtained. Next, the effect of 2% (v/v) of 
various solvent additives (1,8-octanedithiol (ODT), 1,8-diiodooctane (DIO), diphenylether 
(DPE) and 1-chloronaphthalene (CN)) on the TQ1 and PC71BM (1:3 (w/w)) were investigated 
(see in Figure 2.1.3).  
Interestingly, among the devices containing solvent additives, we find adding CN into the o-
DCB solution of TQ1:PC71BM prior to spin coating, the PCE dramatically increased up to 
4.94%. The performance of BHJ PSCs could be determined by the morphology of the active 
thin layer 56. With large interfacial area and bicontinuous interpenetrating networks, small phase 
domains enable maximum charge separation from donor polymer to acceptor fullerene 
derivative and enhance the collection of charge carriers from the active layer to each electrode. 
In addition, atomic force microscopy (AFM) images were examined to elucidate the effect of 
additives on the phase separation of thin films of TQ1:PC71BM. 
57,58 The morphology of the 
films shows very rough with ODT, DIO, and DPE while the film with CN has small phase 
domains as shown in Figure 2.1.5, where the root-mean-square (RMS) roughness values of each 
film are 6.08, 1.62, 1.10, and 0.75 nm, respectively. Regardless of a complete mechanistic 
understanding at this stage, it is evident that CN plays an important role in controlling the 
optimal morphology and creating a better interpenetrating network in TQ1:PC71BM through the 
decreased donor and acceptor domain sizes. This is reasonably advocated by the fact that the 
efficiently induced uniform film morphology with CN displays relative to those with other 
additives. Therefore, in the course of the planned nanomorphology study, not only do we further 
investigate the influence of CN on the film morphology and device performance, but also seek 
to understand the mechanism for improvement and thereby identify guidelines for selecting 
appropriate solvent additives for use in similar BHJ PSCs. We find that the device performance 
can be further improved by changing the weight ratios of TQ1:PC71BM as well as different 





Figure 2. 1. 5. (a) Surface morphology of TQ1:PC71BM blend films; 1:3 w/w with (a) 2% (v/v) ODT 
(b) 2% (v/v) DIO (c) 2% (v/v) DPE (d) 2% (v/v) CN from tapping mode AFM (the RMS roughness 
values are 6.08, 1.62, 1.10, and 0.75 nm, respectively.). 
 
Through the fully optimization of the device architecture process, the best device, prepared 
using 5% (v/v) CN additive with a weight ratio of 1:2, reaches an overall PCE of 7.08%, with 
VOC = 0.91 V, JSC = 12.2 mA/cm
2, and FF = 0.64, which is the highest PCE reported to date for 
PSCs fabricated polymers containing quinoxaline unit. This work highlights the great potential 
of the low-cost polymer to realize high-performance PSCs by taking advantage of the practical 
processing step as an additional driving force to further optimize the active layer 
nanomorphology. The integrated incident photon-to-electron conversion efficiency (IPCE) for 
these devices matches the measured short-circuit current to within 1% error (Figure 2.1.4b). 
The JSC and FF values are primarily determined by the charge carrier mobilities and blend 
morphology when the absorbing materials and film thicknesses are kept constant  59, 60. Therefore, 
the mobility and morphology of the BHJ blends with and without CN were investigated to probe 
the possible origin of the efficiently increased PCE as a function of CN addition. Both the 
electron and hole mobilities were measured by using the space-charge-limited current (SCLC) 














Figure 2. 1. 6. Measured J-V characteristics by the space-charge-limited current (SCLC) method with 
TQ1:PC71BM films under dark conditions without or with different concentrations of CN for hole-only 
device (a) and electron-only device (b). 
 
 
Table 2. 1. 2. Calculated electron and hole mobility values for TQ1:PC71BM devices without or with 
different concentrations of CN. 
a 2 wt% from o-DCB 
 
In the case of the blend films without CN, the hole mobilities (h) are generally an order of 
magnitude lower than the electron mobilities (e). Notably, the h for the films containing CN 
drops slightly, and meanwhile the e is improved, leading to a smaller value between the 
mobility ratio. This supports the beneficial effect of the CN addition on TQ1:PC71BM. We 
attribute the large increase in JSC and FF, at least partially, to the well-balanced charge transport 
in the optimized blends (TQ1:PC71BM of 1:2 (w/w)) processed with 5% (v/v) CN. 
63, 64 
To gain a relatively complete picture of film morphologies in the TQ1:PC71BM blends upon 
the addition of CN, a combination of X-ray diffraction (XRD), AFM, and transmission electron 
microscopy (TEM) was utilized. The AFM height images presented in Figure 2.1.7a-d show 
large features with RMS of 1.51 nm when no additive is applied, while the significantly reduced 
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a Hole mobility [m2/Vs] Electron mobility [m2/Vs] Hole/Electron ratio 
1:3, w/o additives 6.23  10-4 1.27  10-3 0.49 
1:2, w/o additives 9.64  10-4 3.62  10-4 2.66 
1:2, with CN 2% 9.47  10-4 3.61  10-4 2.63 





additive far leads to rougher surfaces. Note that the surface films made of TQ1:PC71BM (1:2 
(w/w)) with 5% (v/v) of CN show the absence of the large domains and the finest features with 
RMS of 0.47 nm. Thereby, CN is believed to allow much more improved miscibility between 
TQ1:PC71BM and formation of interpenetrating networks. Based on current understanding of 
PSCs, the improved morphology can explain the enhanced photocurrents (7.42 vs 12.2 mA/cm2) 
and FF (0.59 vs 0.64) of the optimized TQ1:PC71BM of 1:2 (w/w) blend processed with CN, 
when compared to the devices without CN. The effect of CN is further visualized by TEM 
(Figure 2.1.7e-h). Large scale phase separation with a continuous darker phase embedded with 
discrete micrometer-size light domains (~100-200 nm in diameter) is seen in the films processed 
without CN additive. In the films, processed with CN, large fullerene domains are absent, indeed, 
creating elongated nanofibrous networks through the promotion of the demixing of the TQ1 and 




Figure 2. 1. 7. Surface morphology of TQ1:PC71BM blend films; (a)1:3 (w/w) without additives, (b) 
1:3 (w/w) with 2% (v/v) CN, (c) 1:2 (w/w) with 2% (v/v) CN, and (d) 1:2 (w/w) with 5% (v/v) CN from 
tapping mode AFM (the rms roughness values are 1.51, 0.75, 0.68, and 0.47 nm, respectively.). (e-f) 
The TEM images to corresponding to the AFMs. 
 
To clearly quantify the structural heterogeneity and the dynamics of ordering of TQ1 with 
PC71BM being forced into the intercrystalline, we monitored the out-of-plane XRD of the films 
annealed at 120 oC corresponding to the images of Figure 2.1.8. Distinct primary diffraction 
(100) features in pure TQ1 films are detected at 2 = 3.84°, corresponding to d-spacing of 23.0 
Å , indicating that TQ1 is preferentially oriented with their (100) plane perpendicular to the 
1µm
10.0nm 10.0nm 10.0nm 10.0nm
1µm 1µm 1µm
a) b) c) d)




substrates. However, diffractions originating from either second-order peaks or -stacking 
planes cannot be observed. These above XRD results suggest the signature of ordered lamellar 
packing motif with a presumably edge-on orientation for the pristine TQ1 films. 66, 67 
 
 
Figure 2. 1. 8. XRD patterns of (a) TQ1 and TQ1:PC71BM blend films with or without different 
concentrations of CN. 
 
When the PC71BM is mixed with TQ1 processed with and without CN, the d-spacing peaks 
are somewhat shifted, which is expanded by ~1.6 Å . Such an expansion of the lattice is most 
likely attributed to the intercalation of the PC71BM between the side-chains of the TQ1. 
68 
Interestingly, the new diffractions emerges at 2 = ~9.5° (~9 Å ) in the blends, which probably 
arises from the second-order diffraction (200)’ of the intercalated TQ1:PC71BM lamellar 
structure. 69 Another possible explanation for this is that the PC71BM molecules can diffuse 
through the polymer matrix and form large single crystals. 70-72 Notably, we observe the broad 
featureless peaks (010) caused by the characteristics of the - interchain stacking in the profiles 
of blended samples, which is probably due to the occurrence of intercalation between the 
polymer side chains and fullerene. 73, 74 In addition, this implies that the polymer chains in the 
blends of TQ1:PC71BM have either a slight preference in the face-on orientation or a co-
existence of the face-on and other tiled chain orientations.75 Besides, the (010) peaks of the blend 
films with the 5% (v/v) of CN shift from 18.38° (π-stacking distance of 4.82 Å) to 18.65° (π-
stacking distance of 4.75 Å ). The reduction of the interlayer spacing in the blend films cast from 
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the solvent with additive could be helpful for charge transportation in the corresponding device.  
76 
Compared with conventional PSCs, inverted-type devices demonstrate better long-term 
ambient stability by avoiding the need for the corrosive and hygroscopic hole-transporting 
PEDOT:PSS and low-work-function metal cathode, both of which are detrimental to device 
lifetime.77-79 Therefore, the highly respectable PCE of over 7% for TQ1:PC71BM BHJ 
conventional devices prompts us to take an initial look at PSCs with using an inverted structure, 
which may boast the practical applications in future low-cost mass production. The present 
inverted PSCs architecture (ITO/ZnO/TQ1:PC71BM/MoO3/Ag) employed in this study is shown 
in Figure 2.1.9a (see the experimental section for the detailed fabrication). To mimic BHJ cell 
fabrication conditions, the optimized active layer components (TQ1:PC71BM of 1:2 (w/w)) 
processed with 5% (v/v) CN were chosen for the inverted BHJ PSCs. A PCE of up to 5.83% is 
observed for the inverted PSCs with a VOC of 0.82 V, a JSC of 11.4 mA/cm
2, and a FF of 0.62. 
Note that the measured JSC is in a good agreement with IPCE measurements (Figure 2.1.9b).  
 
 
Figure 2. 1. 9. (a) J-V characteristics and (b) IPCE of the inverted PSCs (ITO/ZnO/TQ1:PC71BM 
/MoO3/Ag). Insert; the inverted device architecture. 
 


























































Figure 2. 1. 10. (a) J-V characteristics and (b) IPCE of the inverted TQ1:PC71BM PSCs using Au. Jsc 
= 9.40mA/cm2, Voc = 0.85, FF = 0.67, PCE = 5.35% 
 
The preliminary results can be comparable with those of the high-performance inverted PSCs. 
80-84 However, the PCE of current inverted PSCs based on TQ1:PC71BM is inferior to that of the 
best conventional PSCs above, due to the reduced JSC and VOC. This implies that the empirically 
optimized fabrication for the conventional architectures is quite different from that for the 
inverted cells since PSCs with an inverted device structure are sensitive to the electrical 
properties of the interfaces between the buffer layer and the photoactive layer. A systematic 
experimental study of the influences of morphology and thickness of buffer layers on the 
photovoltaic properties of inverted PSCs will recover the existing JSC and VOC losses, which will 
be set up as our next task. 
 
 
Figure 2. 1. 11. (a) J-V characteristics of the un encapsulated inverted PSCs (ITO/ZnO/TQ1:PC71BM 
/MoO3/Au) and (b) the unencapsulated conventional PSCs over a certain period time in air under 
ambient conditions. 
 






















































































































On the other hand, by replacing the MoO3/Ag with a MoO3/Au electrode, other inverted PSCs 
were fabricated, which would produce more environmentally stable devices due to the inert 
electrodes. Although the PCE of Au devices is 0.48% smaller than that of Ag devices (see 
Figure 2.1.10), which is typically attributed to the decreased reflectivity in the visible region of 
Au, 85 the PCS shows high stability in air, retaining more than 83% of its initial efficiency over 
30 days of ambient exposure (Figure 2.1.11a). In contrast, under the same conditions, the 
devices with the conventional structure fall to over 85% (from 7.08% to 1.06%) for only 1 day 







As a final note, we have demonstrated high-performance PSCs based on the structure of an 
easily synthesized low bandgap polymer, TQ1, where solvent additives, such as ODT, DIO, 
DPE, and CN play a critical role in enhancing their PCEs. A PCE of higher than 7% that doubles 
to that of the devices processed without the solvent additives has been realized by means of 
engineering of active layer nanomorphology upon the addition of 5% (v/v) CN. This is the 
highest efficiency reported for quinoxaline-based polymers and comparable the record 
champion cell efficiencies for the PSCs in single junction devices. By using a systematic 
experimental study in the combination with XRD, AFM, and TEM, we find that the addition of 
CN promotes small scale phase separation, less heterogeneous surface features through the 
improved miscibility of the TQ1 and PC71BM, resulting in well-intercalated polymer/fullerene 
networks. In addition, without fully optimal morphology control and processing optimization, 
not only do the corresponding inverted PSCs show still respectable PCE of 5.83%, but also the 
inverted devices with Au electrode retains over 83% of the original efficiency after 30 days. 
From an easy and practical perspective, our findings offer a bright future for commercialization 
of PSCs, although guidelines for selecting an appropriate solvent additive remain relatively 






2.2. Easily Attainable Phenothiazine-Based Polymers for Polymer Solar 
Cells: Advantage of Insertion of S,S-dioxides into its Polymer for Inverted 
Structure Solar Cells248 
 
2.2.1 Research Backgrounds 
The dramatic growing need for renewable energy supply is increasing the demand for new 
technologies for photovoltaic energy conversion. Polymeric solar cells (PSCs) have attracted much 
attention due to their potentials for low cost, lightweight, and good compatibility with the roll-to-roll 
process for making flexible large area devices.86-90 So far, the most efficient polymer solar cell system 
is built on the concept of bulk-heterojunction (BHJ) structure, which uses a blend of an electron-donor 
polymer and an electron-acceptor fullerene. Recently, power conversion efficiencies (PCEs) of 6−8% 
have been realized by using new conjugated polymer donors91-95 or novel fullerenederived acceptors. 96-
98 Aside from achieving higher PCEs, improving the stability of PSCs is equally important. In general, 
conventional PSCs are comprised of a BHJ active layer sandwiched between an acidic poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) coated indium tin oxide (ITO) anode 
and a low work-function metal cathode (e.g., Al and Ca). In such a device structure, not only does the 
cathodes easily oxidize in air but also the acidic PEDOT:PSS-ITO can suffer interfacial degradation 
over the operating lifetime.99 As alternative to the regular device configuration, PSCs with an inverted 
device structure have been developed, which enables the use of stable and printable high work-function 
metals (e.g., Ag and Au) as hole collecting top electrodes and n-type low work-function 
metal oxides (e.g., TiOx and ZnO) as electron collecting bottom electrodes.
100, 101 Thus, with advances 
made on the aforementioned efficiency front, the lifetime and reliability of PSCs are also envisaged by 
utilizing the inverted PSC configuration through the replacement of the low work function metal 
cathode and the elimination of PEDOT:PSS layer. Recently, several classes of narrow bandgap donor− 
(D−) acceptor (A) type polymers have been developed to better harvest the solar spectrum with deeper 
HOMO energies that can be helpful in realizing high open circuit voltage (VOC) and PCEs, as the VOC 
value of PSCs is directly proportional to the offset between the HOMO level of electron donor and the 
LUMO level of electron acceptor.102-104 Among them, poly(2,7-carbazole-alt-dithienylbenzothiadiazole) 
(PCDTBT) showed particularly interesting achievement of a PCE in excess of 6% from a BHJ cell with 
VOC value approaching 0.9 V as well as remarkable stability at higher temperature for extended periods 
of time.105 More recently, efficient, air-stable inverted BHJ solar cells based on PCDTBT fabricated 





However, to prepare the tricyclic 2,7-carbazole monomer, 4,4′-dibromobiphenyl must first undergo 
a nitration reaction followed by a Cadogan ring closure reaction.106 The relatively long synthetic routes 
will limit their future commercial application in PSCs. To realize potentially low manufacturing costs, 
it is critical to obtain readily synthesized polymers from commercial products. In this regard, we focused 
our attention to the well-known phenothiazine building block, considering the following: (i) 
Heterocyclic phenothiazine unit is structurally like the carbazole moiety but it contains an additional 
sulfur atom. As a more powerful electron-rich molecule, the phenothiazine is better suited for the 
development of enhanced intramolecular charge transfer (ICT) polymers. In addition, its “butterfly” 
nonplanar structure impedes π-stacking aggregation and intermolecular excimer formation, resulting in 
diverse optoelectronic applications.107-111 (ii) Not only is phenothiazine cheap and commercially 
available but also it can be easily tailored by connecting solubilizing groups to the N atom to improve 
solubility. This is important since the barrier for preparation of materials in terms of a cost effectiveness 
must be overcome to realize the commercial potentials of PSCs. (iii) Following oxidation of 
phenothiazines to phenothiazine-S,S dioxides, the electron-withdrawing sulfones would reduce the 
electron density in the polymer backbone, most likely rendering it more resistant toward the oxidation 
while simultaneously tuning the electronic properties. In particular, we hypothesized that the 
hydrophilicity of the SO2 groups can promote the compatibility and low contact resistance through the 
potential interaction with oxides in the inverted BHJ solar cells integrated with metal oxide materials 
as an electron transport and an hole transport between the ITO/BHJ and BHJ/metal interfaces. 
Herein, we report two new polymers incorporating either phenothiazine or its oxidized analogue 
phenothiazine-S,S dioxide as the donor and benzothiadiazole as the acceptor, namely poly(N-(2-
decyltetradecyl)-3,7-phenothiazine-alt-5,5(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)) (PPTDTBT) 
and poly(N-(2-decyltetradecyl)-3,7-phenothiazine-S,S-dioxide-alt5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)) (PPTDTBTSS), respectively (Figure 2.1.1). These polymers are tested in both 
conventional and inverted solar cell devices using the fullerene derivative (see Figure 2.1.1a and 
2.1.1b). We find that PSCs based on PPTDTBT in a conventional architecture can reach PCE as high 
as 1.69%, whereas the utilization of its oxidized form PPTDTBT-SS into inverted solar cells shows 
improved performance (PCE = 1.22%), when compared to that of its conventional devices. The results 






Figure 2. 2. 1. Molecular structures of PCDTBT and phenothiazine-based polymers. Schematic 






2.2.2 Experimental Details 
Materials and Instruments. All starting materials were purchased either from Aldrich or Across 
and used without further purification. THF was distilled over sodium/benzophenone. 1H NMR and 13C 
NMR spectra were recorded on a Varian VNRS 600 MHz (Varian USA) spectrophotometer using CDCl3 
as solvent and tetramethyl silane (TMS) as the internal standard and MALDI MS spectra were obtained 
from Ultra flex III (Bruker, Germany). UV−vis-NIR spectra were taken on Cary 5000 (Varian USA) 
spectrometer. Number average (Mn) and weight-average (Mw) molecular weights, and polydispersity 
index (PDI) of the polymer products were determined by gel permeation chromatography (GPC) with 
Agilent 1200 HPLC Chem station using a series of mono disperse polystyrene as standards in THF 
(HPLC grade) at 308 K. Cyclic voltammetry (CV) measurements were performed on AMETEK Versa 
STAT 3 with a three-electrode cell in a nitrogen bubbled 0.1 M tetra-n-butylammonium 
hexafluorophosphate (n-Bu4NPF6) solution in acetonitrile at a scan rate of 50 mV/s at room temperature. 
A used as the Ag/Ag+ (0.1 M of AgNO3 in acetonitrile) reference electrode, platinum counter electrode 
and polymer-coated platinum working electrode, respectively. The Ag/Ag+ reference electrode was 
calibrated using a ferrocene/ferrocenium redox couple as an internal standard, whose oxidation potential 
is set at −4.8 eV with respect to zero vacuum level. The HOMO energy levels were obtained from the 
equation HOMO = −(Eox
onset − E(ferrocene)
onset + 4.8) eV. The LUMO levels of polymers were obtained 
from the equation LUMO = −(Ered
onset − E(ferrocene)
onset + 4.8) eV.  
OFET Device Preparation and Measurement. All p-type OFETs were fabricated on heavily 
doped n-type silicon (Si) wafers each covered with a thermally grown silicon dioxide (SiO2) layer with 
thickness of 200 nm. The doped Si wafer acts as a gate electrode, and the SiO2 layer functions as the 
gate insulator. The active layer was deposited by spin-coating at 2500 rpm. All solutions were prepared 
at 0.5 wt % concentration in chlorobenzene. The thickness of the deposited films was about 60 nm. 
Prior to vapor-deposition of source drain electrodes, the films were dried on a hot plate stabilized at 
80 °C for 30 min. All fabrication processes were carried out in a glovebox filled with N2. Source and 
drain electrodes using Au were deposited by thermal evaporation using a shadow mask. The thickness 
of source and drain electrodes was 50 nm. Channel length (L) and channel width (W) was 50 μm and 
1.5 mm, respectively. Electrical characterization was performed using a Keithley semiconductor 
parametric analyzer (Keithley 4200) under N2 atmosphere.  
Fabrication of Conventional and Inverted Photovoltaic Cells. Two-type photovoltaic cells 
were fabricated on ITO-coated glass substrates. The ITO-coated glass substrates were first cleaned with 
detergent, ultrasonicated in water, acetone and isopropyl alcohol, and dried overnight in an oven. In 
conventional cells, PEDOT:PSS(Al 4083) was spin-cast on cleaned ITO substrates after a UV-ozone 




in a glovebox. The solution containing a mixture of PPTDTBT:PC71BM (1:2) in a solvent 
(chlorobenzene) with a concentration of 11 mg/mL and PPTBTDTSS:PC71BM (1:1.5) in a solvent 
(dichlorobenzene) with a concentration of 13 g/mL was spin-cast on top of PEDOT:PSS film. After 
then, the top electrode (Al) was deposited on the active layer in a vacuum (<10−6 Torr) thermal 
evaporator. Inverted solar cells were fabricated on ITO-coated glass substrates. A TiOx precursor 
solution was prepared using the sol−gel method. The TiOx precursor solution was spin-cast on cleaned 
ITO substrates after a UV-ozone treatment for 15 min and heated at 80 °C for 10 min in air for 
conversion to TiOx by hydrolysis. Subsequently, the TiOx-coated substrates were transferred into a 
glovebox. A solution containing a mixture of PPTDTBT:PC71BM (1:2) in a solvent (chlorobenzene) 
with a concentration of 11 mg/mL was spin-cast on top of TiOx films at 1500 rpm 60 s and PPTBTDT-
SS:PC71BM (1:1.5) in a solvent (dichlorobenzene) with a concentration of 13 g/mL was spin-cast on 
top of TiOx films at 600 rpm 60 s. Then, a thin layer of MoO3 film (≈5 nm) was evaporated on top of 
the active layer. Finally, the anode (Au, ≈95 nm) was deposited on the active layer in a vacuum (<10−6 
Torr) thermal evaporator. The cross-sectional area of each of the electrode defines the active area of the 
device as 13.5 mm2. Photovoltaic cell measurements were carried out inside the glovebox using a high 
quality optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A source 
measurement unit. The J−V curves for the devices were measured under AM 1.5G illumination at 100 




2.2.3 Results and Discussion 
Optical and Electrochemical Properties. 
 The UV−vis spectra of two polymers (PPTDTBT and PPTDTBT-SS) in chloroform solution and 
solid films on the quartz are shown in Figure 2.2.2. PPTDTBT film are characterized with a strong, 
broad and structureless absorption band at 582 nm, corresponding to the intramolecular charge-transfer 
(ICT) transition, together with a strong absorption band at shorter wavelength (∼395 nm) due to higher 
energy transitions such as π−π* transitions. Notably, such optical features are remarkable similarity to 
those of the analogous PCDTBT (λmax = 398 and 576 nm), but PPTDTBT has a slightly lower optical 
band gap (Eg
opt = 1.79 eV) from the absorption edge of the thin film than PCDTBT (1.88 eV). Compared 
to PPTDTBT showing the absorption maxima, PPTDTBT-SS in the solid state exhibits a nearly 
identical high-energy peak at 387 nm but a hypsochromic shift of the ICT band at 535 nm, resulting in 
a larger optical band gap (1.95 eV). This indicates that, as expected, the donating strength of 
phenothiazine-S,S-dioxide that contains the electron-withdrawing sulfonyl group is weaker than that of 
the phenothiazine moiety, leading to relatively reduced ICT character in PPTDTBT-SS. 
 
 
Figure 2. 2. 2. UV-vis absorption spectra of PPTDTBT(a) and PPTDTBT-SS(b). 
 
Electrochemical cyclic voltammetry (CV) was performed to determine the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of the 
polymers (Figure 2.2.3.). The CV curves were recorded referenced to an Ag/Ag+ (0.1 M n-Bu4NPF6) 
electrode, which was calibrated by a ferrocene-ferrocenium (Fc/Fc+) redox couple (4.8 eV below the 
vacuum level). The HOMO and LUMO energy levels are calculated to be −5.41 and −3.63 eV for 
PPTDTBT and −5.60 and −3.60 eV for PPTDTBT-SS, respectively. Considering the relatively low 
HOMO levels of the polymers, a high VOC can be expected.
112-114 The LUMO levels of the polymers are 




to PC71BM. The electrochemical HOMO−LUMO gaps of the both polymers are very similar to those 
of optical band gaps. Apparently, the LUMO value of PPTDTBT matches well with that of PCDTBT 
(−3.6 eV) whereas its higher HOMO level, in comparison with PCDTBT (−5.5 eV), indicates the 
increase of donor strength due to the insertion of the additional electron-rich sulfur atoms. For 
PPTDTBT-SS interchanged the phenothiazine with a phenothiazine-S,S-dioxide segment, the HOMO 
(−5.6 eV) is found to be lower than of that of PPTDTBT owing to the presence of the electron-deficient 
SO2 groups in the polymer backbone, which can be beneficial to the better air-stability and higher VOC 
of the PSCs based on the polymer as donor.115 
 
 
Figure 2. 2. 3. (a) Cyclic voltammograms of PPDTBT (top) and PPDTBT-SS (bottom) thin films on 
the Pt electrode in 0.1M n-Bu4NPF6 acetonitrile solution at room temperature. (b) Energy level diagrams 
of individual layers used in conventional and inverted structure. 
 
X-ray Analyses.  
To evaluate the crystallinity of the polymer, X-ray diffraction (XRD) measurements were taken of 
thick films prepared from chlorobenzene on SiO2/Si substrate. The thickness of the films was 
determined to be 1.5−55 μm by profilometry. Figure 2.2.4. shows the XRD data of the thin films of 
PPTDTBT and PPTDTBT-SS, respectively. PPTDTBT-SS reveals a distinct primary diffraction feature 
at 2θ = 4.67°, corresponding to d-spacing of 18.9 Å and a secondary broad peak at 2θ = 21.2° (d = 4.2 
Å) related to π−π stacking between the polymer main chains is also observed. Contrastingly, the XRD 
pattern of PPTDTBT exhibits only the secondary broad peak shifting to 17.51° (d = 5.10 Å). These 







Figure 2. 2. 4. X-ray diffraction (XRD) patterns of drop-cast films of polymers on SiO2/Si substrates. 
 
Organic Field Effect Transistors.  
To investigate the potential of the two new polymers in plastic electronics, organic field-effect 
transistors (OFETs) were fabricated in the top contact geometry as described in the Experimental 
Section (Figure 2.2.5.). Figure 2.2.5.b shows the transfer characteristics, |Ids| vs Vgs and |Ids|
1/2 vs Vgs 
(both at Vds =−60 V), of OFETs fabricated using PPTDTBT and PPTDTBT-SS, respectively, as the 
active layer. These Ids vs Vgs curves obtained from both PPTDTBT and PPTDTBT-SS exhibit clear 
signature of p-type behavior. The saturated charge carrier mobilities of the polymers are calculated using 
the saturation current equation: Ids= (μWCi/ 2L)(Vgs − VT)
2.116 An hole mobility (μ) as high as 9.8 × 10−5 
cm2 V−1 s−1 (threshold voltage (VT)=−11.5 V) with a current on/off ratio (Ion/Ioff) of 2.5 × 10
2 is estimated 
for OFETs produced from PPTDTBT. Interestingly, despite the insertion of the electron-deficient SO2 
groups as well as the relatively lower molecular weight, the hole carrier mobility is increased by about 
1 order of magnitude in PPTDTBT-SS OFETs (μ = 6.9 × 10−4 cm2 V−1 s−1, VT = −21.0 V, Ion/Ioff = 7.7 
× 102), compared to PPTDTBT. Although a concrete evidence of the high performance with PPTDTBT-
SS OFETs is lacking at this stage, we think this is partially contributed either from (i) the reduced 
contact resistance between the semiconductor and the source/drain electrodes arising from the favorable 
interfacial dipoles between S,S-dioxide groups and Au electrodes or (ii) the well-interconnected thin 
film morphology due to the interaction between the polar S,S-dioxides. The enhanced intermolecular 
interactions would bring the polymer chain into a proximity as evidenced by the XRD results, which 






Figure 2. 2. 5. (a) Chemical structures of the polymers and schematic representation of OFERs structure 
( L = 50μm, W = 1.5mm). (b) Transfer curves in saturated regime with PPTDTBT (black line) and 
PPTDTBT-SS (red line). The output characteristics of PPTDTBT (c) and PPTDTBT-SS (d), 
respectively. 
 
DFT Electronic Structure Calculations.  
To shed light on the difference in the electronic properties and energies of frontier orbitals between 
the two polymers, computational studies using density functional theory (DFT) approaches were carried 
out. Oligomers (PTDTBT)n and (PTDTBT-SS)n with n = 1 and 2 were subjected to the calculations, 
with the alkyl chains replaced by methyl groups for simplicity. The optimized geometries and electron 
density distributions of the polymers were calculated with the B3LYP function and 6-31G* basis.    
As shown in Figure 2.2.6., the HOMO iso-surfaces of the both (PTDTBT)n and (PTDTBT-SS)n are well 
spread over the whole conjugated backbones, whereas the LUMOs are mainly localized on BT units, 
respectively, which verifies the p-type behaviors obtained from the OFET study. In addition, the 
calculated bandgaps for (PTDTBT)2 (1.80 eV) and (PTDTBT-SS)2 (1.99 eV) are in considerable 
coincidence with the electrochemical analyses above. It is found that the phenothiazine and 




15°, respectively, in qualitative agreement with their single crystal X-ray diffraction studies. We note a 
relatively larger dihedral angle between PT and DTBT-SS units (θ = 160°) in the optimized geometry, 
when compared to that between PT and DTBT (θ = 153°). So it can be seen from the data that the 
coplanarity of PPTDTBT-SS is better than that in PPTDTBT. This implies that the backbone of 
PPTDTBT-SS brings about larger effective π−π interactions in the solid state, which matches 
qualitatively well with the XRD data. Furthermore, this can explain satisfactorily our interpretation of 
the better PPTDTBT-SS OFET results above. 
 
Figure 2. 2. 6. DFT-optimized geometries and charge-density isosurfaces for the HOMO and LUMO 
levels of (a) (PTDTBT)2 and (b) (PTDTBT-SS)2 model systems (top) and optimized structures of 
phenothiazine and phenothiazine-S,S-dioxide rings and their top views, respectively (bottom). 
 
Polymer Solar Cells.  
To demonstrate potential applications of the two polymers in PSCs, we used PPTDTBT and 
PPTDTBT-SS as an electron donor and PC71BM as an electron acceptor and fabricated conventional 
PSCs with a BHJ structure of ITO/PEDOT:PSS/polymers:PC71BM/Al. The focus of the current study 
is to elucidate the improved device performance of inverted PSCs by introducing SO2 functionality in 
the polymer backbone through potential interaction with oxide materials. Thus, the PSCs with inverted 
configuration stacked from bottom to top (ITO/TiOx/ polymers:PC71BM/MoO3/Au) were also 
prepared, where MoO3 as the hole transport layer and TiOx as the electron transport layer were 
deposited. TiOx was employed as the electron selective layer due to its high electron affinity (LUMO 
= ∼4.4 eV).117 Since the valence band edge of TiOx is much lower than those of HOMOs of both the 




was used to block the electron flow because of its small electron affinity and to enhance hole transport 
to the anode.118 The device structures of regular and inverted polymer solar cells are shown in Figure 
2.2.1. a and b, and Figure 2.2.3.b illustrates the energy level diagrams for each component, respectively. 
All data were obtained under white light AM1.5G illumination from a calibrated solar simulator with 
irradiation intensity of 100 mW/cm2. The active layers through a very broad altering range from 1:1 to 
1:4 (w/w) of polymer:PC71BM in either chlorobenzene (CB) or odichlorobenzene (ODCB) were 
evaluated. The optimized weight ratios of polymer to PC71BM for PPTDTBT and PPTDTBT-SS are 
1:2 and 1:1.5, respectively. Device current density/voltage (J−V) characteristics are shown in Figure 
2.2.7. and the parameters listed in Table 2.2.1. 
 
 
Figure 2. 2. 7. J-V characteristics of the PSCs based on PPTDTBT (a) and PPTDTBR-SS (b) under 
illumination of AM 1.5G, 100mW/cm2. 
 
 














PPTDTBT:PC71BM  (1:2) 50 5.75 0.77 0.38 1.69 
PPTDTBT-SS:PC71BM (1:1.5) 50 4.03 0.81 0.30 0.97 
Inverted 
PPTDTBT:PC71BM  (1:2) 28 4.80 0.78 0.39 1.47 
PPTDTBT-SS:PC71BM (1:1.5) 32 4.11 0.92 0.32 1.22 





PCEs up to 1.69% is observed for the conventional PPTDTBT:PC71BM solar cells with a VOC of 
0.77 V, a short circuit current density (JSC) of 5.75 mA cm
−2, and a fill factor (FF) of 38%. Under the 
same white light illumination, the PPTDTBT-SS:PC71BM-based regular cell exhibits a JSC of 4.03 mA 
cm−2,aVOC of 0.81 V, and a FF of 30%. It yields a substantially lower PCE of 0.97% because of its 
decreased photocurrent, when compared to that of PPTDTBT:PC71BM. This can be mainly attributed 
to PPTDTBT-SS’s intrinsic absorption limit in the visible region due to the relatively large energy 
bandgap. It is worthy to mention that as expected from the oxidation potential, the VOC for the cell 
with PPTDTBT-SS is higher than that of PPTDTBT. 
Despite the aforementioned advantages of the inverted cells, the majority studies on the inverted cells 
were based on P3HT as active materials,119 while only few new conjugated polymers had been tested in 
such configuration.120, 121 Therefore, comparison of the photovoltaic properties of new materials in both 
conventional and inverted cells is very important to fully evaluate the performance of new polymers. 
The J−V curves for the inverted polymer solar cells obtained under white light illumination (AM1.5 G, 
100 mW/cm2) are shown in Figure 2.2.7. The corresponding PCE is 1.47 and 1.22% for 
PPTDTBT:PC71BM and PPTDTBT-SS:PC71BM, respectively (Table 2.2.1.). In the both inverted 
devices, despite the fact that the absorption spectra of the active layer films in the two device types are 
identical, a decrease in the JSC (4.80 mA cm
−2 for PPTDTBT:PC71BM and 4.11 mA cm−2 for 
PPTDTBTSS:PC71BM, respectively) is clearly observed, resulting the low overall performances. One 
possible explanation for this phenomenon is that, in the inverted cell, a small fraction of the incident 
light is observed by the evaporated Au top electrode. It is roughly estimated that 30% of the incident 
light with wavelength <650 nm is not absorbed by the active layer on the first pass, so clearly the 
reflectivity of the top electrode plays a non-negligible role in the total number of photons absorbed by 
the blend. Thus, it is plausible that the enhanced reflectivity of the Al electrodes used in the normal cell 
causes the photocurrent to be slightly higher.122 
Surprisingly, in contrast, the inverted cell of PPTDTBTSS:PC71BM exhibits a slight improved JSC 
and a much higher VOC value (0.92 eV) than that of the conventional configuration with 
PPTDTBT:PC71BM, which suggests that the recombination behavior and morphology are different for 
the two architectures. A likely rationale for this positive effect may be attributed to a combination of the 
following factors: The hydrophilicity of SO2 groups would facilitate intimate contact on both the 
electrodes and thus facilitate efficient charge transfer between the active layer and the electrodes. In 
addition, we cannot rule out that the dipole moment induced by the polar SO2 units in PPTDTBT-SS 
could be the origin of the improvement in the device performance since a higher VOC can indicate a 
larger electrostatic field across the device structure, although other explanations are still possible. 







Figure 2. 2. 8. Incident photon-to-current efficiency (IPCE) spectra of the polymer:PC71BM solar cells. 
 
The accuracy of the photovoltaic measurements can be confirmed by the incident photon-to-electron 
conversion efficiency (IPCE) of the devices. Figure 2.2.8. shows the IPCE curves of both the 
conventional and inverted PSCs fabricated under the optimized conditions as those used for the J−V 
measurements. All devices show a broad photoresponse spreading from 300 to 700 nm, with maximum 
around 570 nm. However, the IPCE of the device is within 40% for almost the whole absorption range. 
From this observation, we believe that the IPCE of the devices can be improved by increasing the 
thickness of the active layer without hampering charge separation and transport properties. However, 
because of their limited solubility for the fabrication of practical PSCs, it is difficult to obtain high 
thickness for the active layer by using high concentration of the polymer blends. Currently, the 
preparation of dithienylbenzothiadiazole with two flexible alkoxyl chains to improve solubility is 
ongoing. Obviously, the IPCE value for the conventional PPTDTBT:PC71BM is the highest, which 
agrees with the highest JSC value of the devices. To evaluate the accuracy of the photovoltaic results, 
the JSC values were calculated by integrating the IPCE data with the AM 1.5G reference spectrum. The 
JSC values obtained using integration and J-V measurements are rather close (within 7% error), which 





Morphology. The nanoscale morphologies of both the conventional and inverted polymer/PC71BM 
films were studied using tapping-mode atomic force microscopy (AFM). Surface topography (left) and 
phase images (right) were taken for each film and are shown in Figure 2.2.9. Both the regular and 
inverted PPTDTBT:PC71BM blends are very similar and exhibit a rather uniform smooth film 
formation which suggests the absence of large features that might reduce the interface between polymer 
and fullerene potentially limiting device performance.123, 124 In contrast, PPTDTBT-SS:PC71BM blends 
in both conventional and inverted structures (Figure 2.2.9, c and d) give very inhomogeneous features 
in which voids with a diameter of ∼300 nm are present. This indicates poor miscibility between 
PPTDTBT-SS and PC71BM. This implies that the presence of SO2 groups makes PPTDTBT-SS 
strongly hydrophilic, which is, in large part, responsible for the relatively low PCEs in the conventional 
cells, but this can positively affect the inverted PSCs adopting transporting metal oxides between the 
ITO/ BHJ and BHJ/metal interfaces because of the potential interaction with oxides. This observation 
is in good agreement with the J-V characteristics tested in this study. 
 
Figure 2. 2. 9. Tapping-mode AFM images (5μm x 5μm) of PPTDTBT:PC71BM (conventional (a); 
inverted (b)) and PPTDTBT-SS:PC71BM (conventional (c); inverted (d)) films used in making the 
devices (under optimized device conditions). The topography of each film is shown in the left panels, 






Considering low cost PSCs into account, an easily accessible donor, phenothiazine, which is stronger 
than commonly used 2,7-carbazole donors due to an additional sulfur atom, has been copolymerized 
with electron-deficient benzothiadiazole building block to yield new conjugated polymer PPTDTBT. 
By virtue of the enhanced strength of ICT, the “strong donor− acceptor” polymer (PPTDTBT) shows 
more bathocromically shifted absorption spectrum (λmax = 582 nm) and lower band gap (Eg
elec = 1.78 
eV) in comparison with its analogous polymer (PCDTBT) that in particular has been subject to 
increasing interest in the polymer research community. Through the sulfur oxidation in the 
phenothiazine unit, the corresponding oxidized form polymer PPTDTBT-SS is also prepared and 
characterized in parallel following our design motif. The strong polarity of SO2 groups would enhance 
the compatibility and low contact resistance in the inverted BHJ solar cells integrated two metal oxides. 
Both the PPTDTBT and PPTDTBT-SS show moderate mobilities as p-type polymer semiconductors in 
OFETs. Interestingly, the carrier mobility of PPTDTBT-SS is about 1 order of magnitude higher than 
that of PPTDTBT, which is presumably ascribed to the closer packing driven either from the dipolar 
intermolecular interactions associated with the presence of the sulfonyl groups or the relatively 
enhanced coplanarity of PPTDTBT-SS, supported by the DFT calculations as well as XRD results. The 
performance of the PSCs containing the polymer PPTDTBT reaches PCEs of 1.69% and 1.47% for 
conventional and inverted structure devices when using PC71BM as electron acceptor, respectively.  
On the other hand, despite the fact that relatively low-lying HOMO of PPTDTBT-SS enhances the 
VOC, the current density in the PPTDTBT-SS:PC71BM-based regular cell is low and limits the PCE to 
0.97%. This is likely a consequence of a reduced solar absorption of PPTDTBT-SS’s caused by the 
relatively large energy bandgap. Delightfully, when it comes to incorporating PPTDTBT-SS into the 
inverted configuration cell with TiOx and MoO3 as electron-selective and hole selective layers, 
respectively, the estimated PCE of 1.22% is achieved from the combination with the improved VOC and 
JSC. Current work on π-conjugated polymer structural modification has been aimed at understanding the 
influence of polymer polarity in inverted solar cells. Our results indicate that the introduction of S,S-






2.3. A Selenophene Analogue of PCDTBT: Selective Fine-Tuning of LUMO 
to Lower of the Bandgap for Efficient Polymer Solar Cells249 
 
2.3.1 Research Backgrounds 
With deep understanding of efficient photoinduced electron transfer within an interpenetrating 
network by simple blending π-conjugated polymers (electron donor) with fullerene derivatives (electron 
acceptor),125 bulk-heterojunction (BHJ) polymer solar cells (PSCs) based on poly(3-hexylthiophene) 
(P3HT):[6,6]-phenyl C61-butyric acid methyl ester (PCBM) have been extensively investigated, 
leading to great progress in power conversion efficiencies (PCEs) of 4−5%.126, 127 Yet, the PCE of P3HT-
based PSCs is limited by its relatively large bandgap (∼1.9 eV) with major loss of the solar radiation 
as well as low open circuit-voltage (VOC ≅ 0.6 V) due to the relatively small energy difference between 
the highest occupied molecular orbital (HOMO) of P3HT and the lowest unoccupied molecular orbital 
(LUMO) of PCBM. By taking into consideration using low bandgap polymers to harvest more solar 
photons, researchers have devoted much effort recently to reducing the bandgap of polymers. This 
approach has provided a remarkable short-circuit current density (JSC) of 16 mA/cm
2,128 whereas, in 
general, the VOC has suffered
129 because of a higher than the HOMO optimal energy level in order to 
pursue a lower bandgap. In the PSCs community, poly(2,7-carbazole-altdithienylbenzothiadiazole) 
(PCDTBT) is one excellent example for a low HOMO (−5.45 eV) as required by the ‘ideal’ π conjugated 
polymers, which led to a high VOC value over 0.8 V and outstanding stability against oxidation at high 
temperatures.130-132 The initial PCE reached 3.6%133 in a typical BHJ device and has been subsequently 
improved to exceeding 6% by BHJ layer thickness optimization and nanomorphology control using 
mixed solvent mixtures.134, 135 However, the bandgap of PCDTBT is still relatively larger than the 
proposed 1.5−1.7 eV of the ideal polymers for PCEs exceeding 10%. Recently, to further lower the 
bandgap of PCDTBT without sacrificing its high VOC, Hsu et al.
136, 137 and our group138 independently 
reported PCDTBT-based ladder-type polymers with forced planarity of which device performance 
showed impressive PCEs of up to 4.59% with reduced bandgap (ca. 0.2 eV) in comparison with that of 
PCDTBT. However, the multiple synthetic steps for the ladder-type PCDTBTs have restricted the 
realization for their usage in BHJ devices. Herein, we present an easily obtainable selenophene analogue 
of PCDTBT, namely, poly(2,7-carbazole-alt-diselenienylbenzothiadiazole) (PCDSeBT) by replacing 
thiophenes with selenophene rings in the polymer backbone. Such a structural modification would be 
expected the lower-lying LUMO with the HOMO being largely unaffected due to the individual effects 
of the smaller ionization potential (IP) and almost the same electronegativity of selenium relative to 
sulfur atom.139 In addition, interchain-charge transfer should be facilitated by intermolecular Se···Se 




high photocurrents.140 Our preliminary investigation on the photovoltaic properties of PCDSeBT in 
typical BHJ devices with [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) shows a highly 






2.3.2 Experimental Details 
Materials and Characterization. Compounds 1, 2, 3, and 4 were synthesized according to the 
previously reported procedures.1,2 All starting materials were purchased either from Aldrich or Acros 
and used without further purification. THF was distilled over sodium/ benzophenone. 1 H NMR spectra 
were recorded on a Varian VNRS 600 MHz (Varian USA) spectrophotometer using CDCl3 as solvent 
and tetramethylsilane (TMS) as the internal standard. UV−vis spectra were taken on the Cary 5000 
(Varian USA) spectrometer. Number-average (Mn) and weight-average (Mw) molecular weights, and 
polydispersity index (PDI) of the polymer products were determined by gel permeation chromatography 
(GPC) with Agilent 1200 HPLC Chemstation using a series of mono disperse polystyrene as standards 
in THF (HPLC grade) at 308 K. Cyclic voltammetry (CV) measurement was performed on AMETEK 
VersaSTAT 3 with a three-electrode cell in a nitrogen bubbled 0.1 M tetra-n-butylammonium 
hexafluorophosphate (n-Bu4NPF6) solution in acetonitrile at a scan rate of 50 mV/s at room temperature. 
A used as the Ag/Ag+ (0.1 M of AgNO3 in acetonitrile) reference electrode, platinum counter electrode 
and polymer coated platinum working electrode, respectively. The Ag/Ag+ reference electrode was 
calibrated using a ferrocene/ferrocenium redox couple as an internal standard, whose oxidation potential 
is set at −4.8 eV with respect to zero vacuum level. The HOMO energy levels were obtained from the 
equation HOMO = −(Eox
onset − E(ferrocene)
onset + 4.8) eV. The LUMO levels of polymers were obtained 
from the equation LUMO = −(Ered
onset − E(ferrocene)
onset + 4.8) eV. 
Fabrication of Photovoltaic Cells. Polymer solar cell devices were fabricated according to the 
following procedure: First, the ITO coated glass substrate was cleaned with detergent, then 
ultrasonicated in distilled water, acetone and isopropyl alcohol, and then dried overnight in an oven at 
the 100 °C. Poly(3,4- ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Baytron PH) was 
spin-cast at 5000 rpm for 40s. The substrate was then dried for 10 min at the 140 °C in the air. 
Subsequently, it is moved into a glovebox for spin-coating the active layer. A mixed solution of 
PCDSeBT:PC71BM in o-dichlorobenzene (DCB) was then spin coated at 700 rpm for 60s on top of the 
PEDOT:PSS layer to obtain a BHJ film. Those samples were brought into a vacuum system (about 10−7 
Torr), and an Al electrode (100 nm) was deposited on top of the BHJ layer. Typical devices were 
thermally annealed in a Petri dish. Thermal annealing was carried out by directly placing the completed 
devices on a digitally controlled hot plate at 150 °C, in a glovebox filled with nitrogen gas and after 
annealing. The devices were put on a metal plate and cooled to room temperature. Measurements were 
carried out with the solar cells inside the glovebox by using a high quality optical fiber to guide the light 
from the solar simulator equipped with a Keithley 2635 A source. The solar cell devices were 
illuminated at an intensity of 100 mW/cm2. For more accurate information the IPCE measurements 
were carried out with QEX7. The device structure of the hole and electron only devices are ITO/ 




charge-limited current (SCLC) mobilities were estimated the Mott-Gurney square law JSCLC = 9/8 × εrε0 
× μ(V2 /L3 ), where εr is the dielectric constant of the material, ε0 is the permittivity of free space, L is 
the distance between the cathode and anode, which is equivalent to the film thickness, and V is the 
applied voltage. 
OFET Device Preparation and Measurement. Highly doped n+ - Si wafers were used as substrates, 
and a layer of 200 nm of silicon dioxide (SiO2:grown by thermal oxidation) was used as the gate 
dielectric layer. Au (60 nm) was successively evaporated with shadow mask to obtain source and drain 
electrodes. The interdigitated structure of the source-drain contacts determined a channel length of 50 
μm and a channel width of 2950 μm. Substrates were cleaned by acetone, isopropanol and dried at 
100 °C oven for 20 min, and treated with octadecyltrichlorosilane (OTS) at room temperature for over 
12 h to treat the surface. Organic semiconductor layers (60 nm) were deposited by spin-coating at 1500 
rpm. All fabrication processes were carried out in a glovebox filled with N2. Electrical characterization 
was performed using a Keithley semiconductor parametric analyzer (Keithley 4200-SCS) under N2 
atmosphere. The electron mobility (μ) was determined using the following equation in the saturation 
regime; Ids = (WCi /2L) × μ × (Vgs − VTh)
2, where Ci is the capacitance per unit area of the SiO2 dielectric 
(Ci = 15 nF/cm





2.3.3 Results and Discussion 
As shown in Figure 2.3.1a, the UV−vis absorption spectra of PCDSeBT both in chloroform solution 
and solid state exhibit two distinct absorption bands, as typically observed for donor (D)-acceptor (A) 
low bandgap materials. The absorption maxima (λmax) of the film are located at 403 and 589 nm. The 
shorter absorption band is due to π−π* transitions of the polymer backbone,141 while the lower-energy 
peak is attributed to intramolecular charge transfer (ICT) in the electron-rich and electron-deficient 
units.142,143 It is worth noting that the maxima absorption values of PCDSeBT in the film are slightly 
broadened without any obvious red-shift when compared to the solution. This verifies that only a small 
reorganization via π−π stacking between the polymer chains is within view during the film formation 
because of the interchain aggregates in solution.144 This observation is in contrast to many conjugated 
polymers, in which there is a red-shift that occurs in going from the solution to the solid state due to the 
aggregation of the polymer chains in the solid state,145 even the PCDTBT film is red-shifted by 30 nm 
vs solution. Besides, the deep blue color of PCDSeBT solution is observed unlike the red color of 
PCDTBT in solution (see the digital photograph in Figure 2.3.1a).  
 
 
Figure 2. 3. 1. UV–vis absorption spectra of PCDSeBT in chloroform and the thin film on the quartz 
(a). Inset: images of PCDSeBT and PCDTBT in chloroform solutions. Cyclic voltammogram 
of PCDSeBT thin film (b). Energy-level diagrams of PCDSeBT and PCDTBT (c). Graphical 






Notably, although the absorption profile of PCDSeBT is similar to that of the thiophene analogue, 
PCDTBT, the absorption onset of PCDSeBT is significantly red-shifted by ∼70 nm, corresponding to 
a lower optical bandgap (Eg opt = 1.70 eV) than PCDTBT (Eg opt = 1.85 eV). This apparently 
demonstrates that, in agreement with earlier studies and experimental studies,146,147 the replacement of 
thiophene with selenophene results in a reduction of the optical bandgap due to the increase of quinoid 
character in the polymer backbone.148-150 In a closer look of the film absorptions, it is also found that 
the full width at half-maximum (FWHM) of PCDSeBT (155 nm) is wider than that of PDCTBT (140 
nm), as a matter of a characteristic of strong intermolecular Se···Se interactions, which can potentially 
further increase JSC value. The electrochemical properties of PCDSeBT were investigated by cyclic 
voltammetry (CV). As shown in Figure 2.3.1b, PCDSeBT exhibits clear reversible n-doping/dedoping 
processes in the negative potential range, whereas quasi-reversible p-doping/dedoping behaviors in the 
positive potential range are observed. The HOMO and LUMO energy levels are estimated to be −5.40 
eV and −3.70 eV, respectively, using the ferrocene-ferrocenium (Fc/Fc+) redox couple (4.8 eV below 
the vacuum level). Both PCDTBT and PCDSeBT have nearly identical HOMO energy levels, but 
PCDSeBT exhibits 0.10 eV lower-lying LUMO level relative to PCDTBT (LUMO = −3.60 eV), 
verifying our presumption about the effect of selenium on the selective fine-tuning of LUMO level. The 
material-design rules described by Scharber et al.151 Suggested that the PCEs of a BHJ solar cell should 
be much more sensitive to changes of the donor LUMO level compared to variations of the donor 
bandgap. On the basis of the rules, the estimated PCE from the Eg opt and the LUMO value of 
PCDSeBT is 7.8%. This theoretical value is much higher than that of PCDTBT (6.5%), indicating that 
a highly promising material for PSCs considering the frontier orbital energies. Upon utilizing a model 
dimeric system containing methyl groups, the optimized molecular geometry of PCDSeBT and its 
frontier molecular orbitals of the calculated HOMO and LUMO iso-surfaces were computed by density 
functional theory (DFT, B3LYP/6-31G) (Figure 2.3.1d). The HOMO of PCDSeBT is well-distributed 
along the conjugated chains; its LUMO is mainly centralized on BT accepting core as shaped by orbital 
lobes, being predicted a p-type organic semiconductor. In order to corroborate the effect of the 
heteroatom substitution on charge transporting properties of the polymers, top-contact organic field-
effect transistors (OFETs) were fabricated using solution processed PCDTBT and PCDSeBT, 
respectively, as the semiconducting layer on the octadecyltrichlorosilane (OTS) self-assembled 
monolayer (SAM)-modified Si/SiO2 substrates (see the detailed devices fabrication in the Experimental 
Section). The OFET mobilities are calculated in the saturation regime using the following equation: Ids 
= (W/2L) × μ × Ci (Vgs − Vth)
2, where W and L are the channel width and length, respectively, Ci is the 
capacitance per unit area of the insulation layer. Linear plot of Ids 1/2 vs Vgs deduced from the Ids vs 
Vgs measurement. These devices show characteristics of a typical p-channel transistor with good drain-
current Modulation, well-defined linear, and saturation regions (Figure 2.3.2). The summary of the 




thermal annealing exhibits a hole mobility of 2.2 × 10−4 cm2/V·s with an on/off current ratio (Ion/Ioff) of 
4.44 × 103. For PCDTBT thin films after annealing at evaluated temperatures the mobilities are not 
markedly improved, implying that the PCDTBT thin films remain nearly amorphous for both as-cast 
and annealing at high temperature.  
 
 
Figure 2. 3. 2. Transfer characteristics of (a) PCDTBT- and (b) PCDSeBT-based OFET devices at 
different annealing temperatures. 
 
On the other hand, it is found that the unannealed thin films of PCDSeBT exhibit a slightly higher 
mobility of μh = 5.1 × 10−4 cm2 /V·s, compared with that of pristine PCDTBT. Interestingly, in contrast, 
as the PCDSeBT thin films are annealed at a temperature of 120 and 150 °C, the mobilities are 
systematically improved up to 1.0 × 10−3 cm2 /V·s (Figure 2.3.2b), which is about 1 order of 
magnitude higher than that of PCDTBT, possibly due to increased interpolymer chain contact induced 












As-cast 2.2 Ⅹ 10-4 4.4 Ⅹ 103 -21 
120℃ 4.9 Ⅹ 10-4 7.9 Ⅹ 103 -22 
150℃ 3.5 Ⅹ 10-4 7.9 Ⅹ 103 -34 
PCDSeBT 
As-cast 5.1 Ⅹ 10-4 4.1 Ⅹ 104 -19 
120℃ 7.8 Ⅹ 10-4 3.4 Ⅹ 104 -9 
150℃ 1.0 Ⅹ 10-3 4.0 Ⅹ 104 -13 
 
 
Figure 2. 3. 3. X-ray diffraction patterns of PCDTBT(a) and PCDSeBT(b) thin films before (i) and 
after annealed at 150 °C (ii). 
 
To gain a better understanding of the influence of the thermal annealing, the crystallinity and 
molecular organization of PCDTBT and PCDSeBT thin films were investigated by X-ray diffraction 
(XRD), both before and after annealing at 150 °C. Both the as-cast and annealed PCDTBT thin films 
fail to reveal any defined scattering patterns (Figure 2.3.3a), indicating the macroscopically disordered, 




(Figure 2.3.3b). Upon thermal annealing, the primary peak at 4.42°, corresponding to a d-spacing of 
19.99 Å, progressively intensifies and the secondary broad peak at ∼21.1° (d = 4.21 Å) that is probably 
related to π−π stacking becomes visible (Figure 2.3.3b). On the basis of these XRD results, we can 
conclude that the oriented microstructure of the as-cast PCDSeBT thin films is kinetically limited but 
the polymer chains reorganize to ordered lamellar packing structures upon annealing. This observation 
is a plausible explanation for the sudden rise in mobility of PCDSeBT as a function of the thermal 
annealing. 
Photovoltaic effects of PCDSeBT were investigated in BHJ PSCs with the device structures of the 
standard configuration glass/ITO/PEDOT:PSS/PCDSeBT:PC71BM/Al. The PCDSeBT:PC71BM 
weight ratio was optimized from 1:1, 1:2, 1:3, to 1:4. The current-density−voltage (J−V) characteristics 
of the devices under the illumination of simulated AM 1.5G conditions (100 mW/cm2) are shown in 
Figure 2.3.4a and the parameters are summarized in Table 2.3.2. Without extensive optimization, the 
initial device fabricated from the blend solutions with a PCDSeBT:PC71BM weight ratio of 1:1 shows 
a PCE of 0.73% with a JSC of 2.98 mA/cm
2 , a VOC of 0.71 V, a fill factor (FF) of 35%. As increasing 
the weight fraction of PC71BM, the PCEs are gradually increased. The device containing the 1:4 w/w 
blend as the photoactive layer after thermal annealing at 150 °C delivers at superior performance with 
the JSC of 11.7 mA/cm2 , VOC of 0.79 V, and FF of 45%, improving the PCE to 4.12%, an approximately 
37% enhancement in PCE, when compared to the reference cell based on PCDTBT:PC71BM for the 
sake of comparison (see Figure 2.3.4c). 
 










1:1 2.98 0.71 0.35 0.73 
1:2 4.66 0.76 0.42 1.50 
1:3 9.97 0.79 0.46 3.64 
1:4 11.7 0.79 0.45 4.12 
1:4 
 (before thermal annealing) 





Figure 2. 3. 4. J–V characteristics of PSCs based on PCDSeBT:PC71BM under illumination of AM 1.5 
G, 100 mW/cm2 (a). Incident photon-to-current efficiency (IPCE) spectrum of PCDSeBT:PC71BM (1:4 





It is worth noting that the JSC, to the best of our knowledge, is among the highest JSCs reported to date 
for PCSs based on PCDTBT analogues,152 in a good agreement with the extended absorption of sunlight 
through the low bandgap and broaden absorption band of PCDSeBT. In order to ensure the accuracy of 
the measurements, we investigated the incident photon-to-current efficiency (IPCE) spectrum of the 
optimized device (1:4 w/w), exhibiting over 65% at the energetically lower peak, i.e. at the λ max of 
PCDSeBT (Figure 2.3.4b).  
 
 
Figure 2. 3. 5. AFM images (6 μm × 6 μm) of PCDSeBT:PC71BM (1:4 w/w) cells before (a) and after 
(b) thermal annealing at 150 °C, respectively. 
 
The JSC value calculated by integrating the IPCE data with an AM 1.5G reference spectrum is rather 
consistent with that obtained from J−V plots within 10% error. Atomic force microscopy (AFM) was 
performed to gain insight into the surface morphology of the optimized 1:4 w/w blend films (Figure 
2.3.5). The films before and after thermal annealing have smooth surface topographies and very similar 
features, where the formation of voids, typically attributed to incompatibility between donor and 
acceptor components, is not observed. However, the rms roughness is somewhat reduced to from 0.47 
to 0.43 nm with thermal treatment, being favorable for charge separation and transport. This can 
reasonably explain the enhanced efficiency via the post-annealing effect. Note that, in stark contrast to 
PCDTBT:PC71BM system in which thermal annealing reduced the photovoltaic parameters (FF, JSC, 
and VOC),
153 the performance of all PCDSeBT-based devices for this study is considerably improved as 
a result of thermal treatment. We can conclude that the formation of crystalline nanoscale domains 
would be slightly induced in PCDSeBT:PC71BM with a thermal treatment in consequence of the 
ordered crystalline nature of the PCDSeBT on annealing as supported by the XRD results above as well 
as the large quinoidal character in the polymer backbone as the inclusion of selenophene.154 The AFM 





Figure 2. 3. 6. Measured J–V characteristics by the space charge limited current (SCLC) method 
with PCDSeBT:PC71BM (1:4 w/w) films under dark conditions before and after thermal annealing for 
hole-only device (a) and electron-only device (b). 
 
The hole and electron mobilities of PCDSeBT:PC71BM (1:4 w/w) blends were measured using the 
space-charge-limited current (SCLC) method and the J−V characteristics were plotted in Figure 2.3.6. 
The hole mobility (μ hole = 4.68 × 10−5 cm2 /V·s) obtained with the thermally annealed film is one 
order higher than that without post annealing (μ hole = 4.02 × 10−6 cm2 /V·s), whereas in the both 
cases, the electron mobilities (μ electron) are similar (1.24 × 10−3 and 5.58 × 10−3 cm2 /V·s) for as-
cast and annealed films, respectively, yielding a smaller difference between the mobility ratio for the 
annealed film. The higher mobilities and more balanced charge transport should definitely favor the 
charge transportation in the blend film and lead to high solar cell performance, supporting the beneficial 






In conclusion, diselenienylbenzothiadiazole (DSeBT) units have successfully been incorporated into 
a D−A polymer backbone by Suzuki polymerization with 2,7-carbazole comonomer, affording a 
poly(2,7-carbazole-alt-diselenienylbenzothiadiazole) (PCDSeBT); This design motif is that 
replacement of thiophenes to selenophene units in PCDTBT that acts as a superior p-type photoactive 
material for PSCs, induces a lower bandgap (1.70 eV) than that of PCDTBT (1.85 eV), while the ideal 
HOMO energy level (−5.40 eV) is still maintained. Another pleasant surprise comes from PCDSeBT 
with a relative wider absorption band observed, as a result of strong intermolecular Se···Se interactions. 
The lower bandgap with the broaden absorption band significantly improves a JSC of 11.7 mA/cm2 , 
which is among the highest JSC values for PSCs based on PCDTBT derivatives, while the low HOMO 
energy level maintains the high VOC value. The corresponding PCE is 4.12%, about 37% higher than 
that obtained from a PCDTBT-based reference device. This work provides a feasible strategy for 
selective fine-tuning of LUMO levels, which achieves a high JSC value, while nearly remaining a high 
VOC. Therefore, further exploration of PCDSeBT-based PSCs is still warranted for high-performance 





2.4. Finding Optically Advantageous Top Electrodes for Organic Solar 
Cells250 
 
2.4.1 Research Backgrounds 
Polymer solar cells (PSCs) based on thin film conjugated polymer/fullerene compounds have 
attracted attention due to their potential applications in light weight, low-cost, flexible, and 
large-area solution processed devices.155-160 Recently, the power conversion efficiency of PSCs 
has reached 11 %, while 10 % has been estimated as the threshold efficiency for commercial 
applications.161 For the commercialization of PSCs, stability and mass production techniques 
still require further development. Therefore, significant research efforts have recently focused 
on enhancement of PSC stability. Inverted polymer solar cells (iPSCs) offer distinct advantages 
for long term air stability compared to conventional polymer solar cells (cPSCs) by avoiding 
the corrosive and hygroscopic p-type buffer layer poly(3,4-ethylenedioxylenethiophene):poly 
(styrenesulphonicacid) (PEDOT:PSS) and easily oxidizable metal cathodes.162, 163 Inverted 
devices differ from conventional devices by using an n-type transparent substrate and high work 
function top electrode; many studies have been attempted to identify optimal materials and 
processing conditions to construct this architecture. Early work with iPSCs, explored the use of 
various n-type, p-type metal oxides to achieve symmetry breaking in iPSCs, such as titanium 
oxide (TiOx), zinc oxide (ZnO) or molybdenum oxide (MoO3), vanadium oxide (V2O5) have 
been introduced between the active layer and the electrodes.164-166 However, there are inherent 
incompatibilities at the organic active layer/inorganic metal oxide interface. Therefore, recently, 
conjugated polyelectrolyte (CPE) have been introduced at the interface between the organic 
active layer and inorganic metal oxide in order to improve compatibility at the organic/inorganic 
interface.167-169 Although TiOx or ZnO layers have been demonstrated as effective n-type buffer 
layers, they can reduce the amount of light absorption within the active layer due to absorb in 
the blue to ultraviolet (UV) wavelength region.170 To reduce this absorption loss, more 
transparent organic materials such as Polyethylenimine ethoxylated (PEIE), branched 
polyethylenimine (PEI) and poly[(9,9-bis(3′-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-
2,7- (9,9-dioctylfluorene)] (PFN) have been introduced in iPSCs as n-type buffer layers instead 
of ZnO or TiOx
171-173 
In this article, we focus on the identification of optimal top electrode materials for use in 
iPSCs. We explore various anode metals including aluminum (Al), silver (Ag), gold (Au), 
copper (Cu), palladium (Pd), platinum (Pt), nickel (Ni), and molybdenum (Mo) to identify 
relationships between the inherent optical properties of the top electrode and device performance. 




(UV-Vis) spectroscopy in reflection mode, while electrode work functions were determined by 
ultraviolet photoelectron spectroscopy (UPS). Solar cell devices were fabricated in the inverted 
structure using a bulk heterojunction consisting of the conjugated polymer thieno[3,4-b] 
thiophene/ benzodithiophene (PTB7) and [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) 
with different metal electrodes. The optical properties of these devices were simulated by 
transfer matrix modeling (TMM) and compared to the measured properties of the cells. Analysis 
of the simulations, experimental data and device stability lead to the unambiguous identification 
of Ag as the optimal anode for use in inverted devices, which is found to yield an efficiency of 





2.4.2 Experimental Details 
Device Fabrication and characterization: Inverted organic solar cell devices were fabricated 
using the following procedure. First, ITO coated glass substrates were cleaned with detergent, then 
ultrasonicated in distilled water, acetone and isopropyl alcohol, then dried overnight in an oven at 100 
oC. The ZnO layer was next deposited by diluting a diethylzinc solution (Aldrich, 15 wt.% in toluene) 
with two parts tetrahydrofuran174 (note: the un-diluted diethyl zinc solution is highly reactive towards 
air and should be handled inside a glove box; after dilution with THF, the solution becomes less reactive, 
however, appropriate safety precautions should be taken in case of an accidental spill or fire), filtering 
through a 0.45 μm PTFE syringe filter and spin coating at 3000 rpm for 30 s in air. The ZnO layer was 
then annealed in air on a hot plate at 110 °C for 10 minutes, a ZnO film thickness was approximately 
60 nm. Subsequently, substrates were transferred into a nitrogen filled glove box for spin-coating the 
active layer. A mixed solution of PTB7: PC71BM in chlorobenzene (concentration of 10 mg mL
-1) with 
3 % DIO additive was then spin coated at 1300 rpm for 60 s on top of the ZnO layer to obtain a BHJ 
film with thickness of approximately 80 nm. Samples were then brought under vacuum (10-6 - 10-7 Torr), 
and MoO 3 ( Thickness : ≈ 3.7 nm, evaporation rate : 0.1 Å /s) and Al ( Thickness : ≈ 100 nm,  
evaporation rate : 1.5 Å/s) or Ag ( Thickness : ≈ 100 nm, evaporation rate : 1.5 Å/s) or Au ( Thickness : 
≈ 100 nm, evaporation rate : 0.2 Å /s) metal electrodes were deposited on top of the BHJ layer by 
thermal evaporation with an area of 0.13 cm2 for each device. Inverted devices using P3HT:PC61BM in 
o-dichlorobenzene (o-DCB) were prepared following the same procedure with concentration of 26 mg 
mL-1 and thickness of approximately 200 nm. 
Current density-voltage measurements were collected using a Keithley 2635 source measure unit. 
Each device was scanned from -0.5 V to 1.0 V in 20 mV steps with a 50 ms integration time for each 
data point. J-V characterization was carried out inside a nitrogen filled glove-box using a high quality 
optical fiber to guide the light from a xenon arc lamp to the solar cell device. Each device had an active 
area of 13 mm2, defined by an aperture placed over each device. Solar cell devices were illuminated 
with an intensity of 100 mW cm-2 as calibrated using a standard silicon reference cell (PV Measurements, 
Inc.) which had been standardized and certified at the National Renewable Energy Laboratory in Golden, 
Colorado. EQE measurements were carried out using a QEX7 system manufactured by PV 
Measurements, Inc.”EQE measurements were carried out using a QEX7 system manufactured by PV 
Measurements, Inc. UV-Vis reflectance spectra were measured on a Varian Cary 5000 
spectrophotometer and UPS measurements were carried out using a KRATOS AXIS Nova instrument 
following previously reported procedures.175 He I hv = 21.22 eV was used as a light source and 
thermally evaporated Au substrates were used as a reference. Work functions (Φ) were calculated from 




Optical modelling by transfer matrix method: The transfer matrix method was utilized to 
calculate the absorption and |E|2 intensity in each layer. The film thickness of each layer was determined 
by examining cross-sectional samples via scanning electron microscopy (cross-sectional SEM). 
Measured thicknesses were: 150 nm for ITO, 60 nm for ZnO, 80 nm for PTB7:PC71BM blend, 200 nm 
for P3HT:PC61BM blend, 3.7 nm for MoO3, and 100 nm for top metal electrode. Thickness 
measurements were repeated several times and average values were taken.  
In order to conduct the transfer matrix method, the complex number of refractive indices (?̃? = 𝑛 +
𝑖𝑘 ), which are the function of wavelength (?̃?(𝜆) ), are needed for each layer. To get the extinction 
coefficient, k, the absorption spectrum of each layer was measured by UV-vis absorption spectroscopy 








where 𝐴 stands for measured absorbance at the specific wavelength, 𝑙 for the thickness of the film, 
and 𝜆 for the wavelength. The films were coated on the quartz substrate and the thickness of the film 
was measured by alpha step.  
Since real and imaginary parts of complex refractive index satisfy Kramers-Kronig relation (K-K 
relation), which ensures two parts are inter-convertible each other, refractive index of active layer was 
derived from the calculated extinction coefficient using Hilbert function implemented in MATLAB. In 
order to validate that this calculation is applicable to our consideration, calculated refractive index was 
compared with other published data176, 177 (Fig. 2.4.1). The calculated optical constants exhibit extrema 
at the same position and follow previously reported spectra, confirming that the Kramers-Kronig 





Figure 2. 4. 1. Complex refractive index of PTB7:PC71BM blends. (a) Refractive index (n). The 
calculated refractive index was compared with previously reported refractive index data which was 
obtained ellipsometrically. All papers share same donor:acceptor ratio. (b) Extinction coefficient (k). 
Extinction coefficients were calculated from the measured absorption coefficient (α) of the active film. 
 
  






























































2.4.3 Results and Discussion 
Optical properties and device characteristics 
Solar cell devices function by absorbing light in the active layer after it has passed through a 
transparent front electrode. Active layers in polymer solar cells are typically close to 100 nm thick, with 
relatively low optical densities, and transmit a large fraction of this incident light. Light which is not 
absorbed in the first pass may be reflected from a top metal electrode and pass through active layer 
again, allowing additional absorption to take place. As a result, the optical properties of top metal 
electrode strongly correlate with light harvesting in the active layer. Generally, in iPSCs, one of three 
metals (Al or Ag or Au) is typically used as top electrode, with a high-work function layer of MoO3 to 
facilitate the extraction of holes. To investigate the optical properties inherent to commonly used top 
electrodes, the reflectance of three metals (Al or Ag or Au) /MoO3 films were measured. The MoO3 film 
and metal film thickness were fixed at 3.7 nm and 100 nm, respectively. As shown in Figure 2.4.2a, 
three metal/MoO3 films have considerably different reflectance spectra. The Au/MoO3 film is much less 
reflective than Ag/MoO3 or Al/MoO3 at wavelengths below 600 nm wavelength, which corresponds to 
the Au overturn absorption peak.  
 
Figure 2. 4. 2. Comparison of reflectance of three types of metals (Al, Ag and Au) (a) deposited on 
glass/MoO3 substrates films and (b) as completed solar cell devices (glass/ITO/PTB7:PC71BM/MoO3 
/metal). 
 
In contrast, the Ag/MoO3 and Al/MoO3 films have high reflectance throughout the visible spectrum, 
except wavelengths around 420 nm and over 600 nm, respectively. The reflectance curves of Ag/MoO3 
and Al/MoO3 films are well matched with Ag and Al overturn absorption. Inverted structure devices 
were fabricated with three metal electrodes and compared the corresponding reflectance spectra. In 
completed solar cell devices, interference of incident light occurs within each layer, where incident light 

























BM / ZnO / ITO




BM / ZnO / ITO




BM / ZnO / ITO
metal/MoO3/PTB7:PC71BM/ZnO/ITO
(a) (b)




















 Al / MoO
3
 / glass
 Ag / MoO
3
 / glass







interacts with light reflected from the top electrode (see Figure 2.4.2b). Here, the Au electrode device 
has lower reflectance than Ag or Al electrodes at less than 600 nm wavelength while the Al electrode 
device has lower reflectance than Ag and Au at wavelengths above 600 nm. This indicates that 
throughout all of the layers in the device, the intensity of reflected light is largely determined by the 
reflectivity of the top electrode. 
 
Figure 2. 4. 3. Comparison of (a) J-V characteristics in PTB7: PC71BM inverted devices with aluminum 
(Al), silver (Ag), and gold (Au) top electrodes under illumination and (b) in dark condition. (c) External 
quantum efficiency (EQE) spectra corresponding to the same devices. 
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14.6 ± 















Ag a (n = 5) 
14.8 ± 















Au a (n =5) 
12.9 ± 















a Device structure : ITO/ZnO/PTB7:PC71BM/MoO3(3.7 nm)/electrode(100 nm). Here n represents the 
number of devices for averaging the final values (see Table 2.4.2). b JSC(calc.), calculated JSC from a EQE 
curve. c Best performance 
 
 
Table 2. 4. 2. Photovoltaic parameters of PTB7: PC71BM inverted devices with different top electrodes. 
Electrode JSC [mA/㎠] VOC [V] FF PCE [%] Rs [Ω ㎠] Rsh [Ω ㎠] 
Al-1 14.19 0.75 0.66 7.00 6.1 498 
Al-2 14.85 0.75 0.66 7.35 6.1 508 
Al-3 14.74 0.75 0.65 7.16 6.0 495 
Al-4 14.69 0.74 0.65 7.12 5.9 489 
Al-5 14.71 0.74 0.65 7.09 5.9 489 
Al Average 14.64 0.75 0.65 7.14 6.00 496 
Ag-1 14.69 0.75 0.71 7.73 3.1 745 
Ag-2 14.96 0.75 0.71 7.95 3.3 750 
Ag-3 15.12 0.75 0.73 8.19 3.0 759 
Ag-4 15.04 0.75 0.72 8.10 3.0 756 
Ag-5 14.17 0.75 0.72 7.70 3.0 753 
Ag Average 14.78 0.75 0.72 8.00 3.08 753 
Au-1 13.14 0.75 0.70 6.84 4.5 606 
Au-2 11.94 0.74 0.68 6.02 4.2 603 
Au-3 13.46 0.75 0.69 6.93 5.8 612 
Au-4 12.59 0.75 0.67 6.28 5.2 606 
Au-5 13.26 0.74 0.69 6.84 4.9 607 






Figure 2.4.3a present the device structure (glass /ITO (150 nm) /ZnO (60 nm) /PTB7:PC71BM (80 
nm) /MoO3 (3.7 nm) /top electrode (100 nm)) and the morphology of three kinds of top electrodes. The 
details of device fabrication are included in the experimental section. Each type of metal has different 
material properties (such as density, and melting point) and grows by different mechanisms under 
thermal evaporation condidtions.178-180 
Additionally, the morphology of each type of metal may be affected by parameters such as 
evaporation rate or temperature. To investigate the effect of evaporation rate and morphology on device 
properties, 100 nm films of each type of electrode were prepared using different evaporation conditions; 
the morphology and conductivity of the anodes were characterized via scanning electron microscope 
(SEM) and Van der Pauw method, respectively, (See Table 2.4.3 and Figure 2.4.4) for samples prepared 
using slow (0.2 Å/s) or fast (1.5 Å/s) evaporation rates. The Al electrodes show the strongest dependence 
on evaporation rate, exhibiting very large grain sizes (greater than 1 μm) when evaporated slowly and 
smoother, sub-micrometer features when evaporated quickly; the conductivity of Al electrodes was 
found to be 1.7 × 105 Ω-1cm-1 for slowly evaporated films and approximately doubled to 3.4 × 105 Ω-
1cm-1 when evaporated quickly, reflecting the different morphologies. These differences presumably 
result from the reaction of Al vapor with trace gasses present in the evaporation chamber when 
evaporated slowly. Ag and Au morphologies showed weaker dependence on evaporation rete, yielding 
slightly smoother films when evaporated quickly. The conductivities of Ag electrodes were 3.7 and 3.9 
× 105 Ω-1cm-1 for electrodes evaporated slowly or quickly, respectively, while the conductivities of Au 
electrodes were 3.1 and 3.0 × 105 Ω-1cm-1 for electrodes evaporated slowly or quickly, respectively. In 
any case, the conductivities were found to be about two orders of magnitude greater than the 
conductivity of the ITO electrodes (5.2 × 103 Ω-1cm-1) indicating that the current through the electrodes 















Table 2. 4. 3. Measured conductivity of metal thin films (100 nm) prepared using slow and fast 
evaporation rates. 
Electrode Conductivity [S/cm, 𝛀−𝟏𝐜𝐦−𝟏] 
ITO 5.2 × 103 
Al (slow evaporation, 0.2 Å/𝐬) 1.7 × 105 
Al (fast evaporation, 1.5 Å/𝐬) 3.5 × 105 
Ag (slow evaporation, 0.2 Å/𝐬) 3.7 × 105 
Ag (fast evaporation, 1.5 Å/𝐬) 3.9 × 105 
Au (slow evaporation, 0.2 Å/𝐬) 3.1 × 105 
Au (fast evaporation, 1.5 Å/𝐬) 3.0 × 105 
 
 





Figure 2.4.3a compares the current density - voltage (J-V) characteristics of iPSCs with three types 
of top electrodes under AM 1.5G illumination. The photovoltaic parameters are summarized in Table 
2.4.1. These values are averaged values of each five devices. The power conversion efficiency (PCE) 
using Al electrodes is 7.14 ± 0.13 %, with a short-circuit current density (JSC) of 14.6 ± 0.26 mA cm
-2, 
an open-circuit voltage (VOC) of 0.75 ± 0.01 V and fill factor (FF) of 0.65 ± 0.01, while Ag electrodes 
yield a PCE of 8.00 ± 0.22 % (JSC = 14.8 ± 0.39 mA cm
-2, VOC = 0.75 ± 0.00 V and FF = 0.72 ± 0.01), 
and Au electrodes yield a PCE of 6.58 ± 0.41% (JSC = 12.9 ± 0.62 mA cm
-2, VOC = 0.75 ± 0.01 V and 
FF = 0.69 ± 0.01). Despite using metals with different work functions181, the VOC values are same (0.75 
V) in all cases. When thin n-type and p-type buffer layers are introduced between the active layer and 
electrodes in the bulk heterojunction (BHJ) device, the VOC may become more dependent on the energy 
level difference between the highest occupied molecular orbital (HOMO) level of the donor and the 
lowest unoccupied molecular orbital (LUMO) level of acceptor than the difference of work function 
between two electrodes.182, 183  UPS was carried out to confirm the work function of the three anodes 
with a thin MoO3 layer (3.7 nm). The spectra show significant differences at high intensity, indicating 
that the metal underneath the thin MoO3 affects the spectrum, however, all three samples exhibit the 
same shoulder feature at the secondary edge, indicating that the thin MoO3 results in the same work 
function (5.2 eV) regardless of whether it is deposited on Al, Ag or Au. (Figure. 2.4.5). Thus, even 
though only 3.7 nm of MoO3 is used, it is effective at shifting the work function of all 3 electrodes to 
the same value and creating an Ohmic anode contact. 
 
 
Figure 2. 4. 5. Energy band structures. a) UPS spectra for MoO3/Au, MoO3/Ag and MoO3/Al. b) Energy 












































Although the active layers, device structures and MoO3 contacts were prepared using identical 
procedures, the FF exhibits considerable variation when the electrode metal is changed. The Ag 
electrode device reaches a peak FF of 72 % while the Au electrode shows a similar FF up to 69 %. The 
FF using the Al electrode, however, reaches only 65 %. Generally, the FF is related to shunt resistance 
and sheet resistance. Poor electrical contact leads to high series resistance and decrease FF.184, 185  In 
case of Al electrodes, during the thermal evaporation of Al, chemical reactions may occur between 
MoO3 and Al, leading to by-products such as MoO2 and Al2O3 which lower the FF.
186 For this reason, 
Al electrodes results in the highest series resistance (Rs) (Table 2.4.1). The dark curves for Ag and Au 
electrode devices show a larger rectification (up to 6 orders of magnitude in the range of ±1.5 V) and 
smaller reverse saturation currents than the Al electrode device (Figure 2.4.3b). This result indicates 
that Ag and Au electrodes devices result in lower charge recombination losses than the Al electrodes. 
Figure 2.4.3c shows the external quantum efficiency (EQE) spectra of each device, which corresponds 
to their JSCs. For each device, all processes (except for the top electrode material) were carried out under 
identical conditions; notably the blending condition and thickness (approximately 80 nm) are identical 
for each device. Nevertheless, the device with Au electrodes exhibits a lower JSC (calc. JSC = 13.4 mA 
cm-2) compared to Ag (calc. JSC = 15.1 mA cm
-2) and Al (calc. JSC = 15.1 mAcm
-2, see Table 2.4.1). 
Moreover, we show the interesting result that Al and Ag electrodes devices produce the same JSC despite 
having different EQE curves. Because the devices are otherwise identical, it follows that these 
differences in EQE arise from differences in the reflectance of Al and Ag.  
 
Figure 2. 4. 6. (a) Equations used to determine EQE difference (ΔEQE) and absorption difference (Δα) 
here, d is the PTB7:PC71BM film thickness (80 nm). 𝑰′𝒐𝒖𝒕 is the intensity of the reflected light from 
the Au electrode device and 𝑰𝒐𝒖𝒕 is the intensity of the reflected light from the Ag electrode device) as 
well as device schematics showing the optical beam path through the samples. (b) Comparison of Δα 
between the Au electrode device and the Ag electrode device (left y-axis) with ΔEQE (EQEAg – EQEAu) 
(right y-axis). 
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In order to thoroughly investigate the influence of optical properties on JSC, we have compared the 
absorption difference (Δα) between devices with Ag electrodes and Au electrodes, applying the equation 
in Figure2.4.6a to the reflectance spectra in Figure. 2.4.2b. Δα is compared to the difference in EQE 
using Ag and Au electrodes in Figure 2.4.6b. Notably, the change in absorbance closely matches the 
change in EQE, indicating that the reflectivity of the top electrode directly influences light harvesting 
in the active layer. This tendency was seen in not only PTB7:PC71BM inverted solar cells but also 
P3HT:PC61BM inverted solar cells (see Figure 2.4.7 and Table 2.4.4). 
 
Figure 2. 4. 7. Comparison of J-V characteristics of P3HT: PC61BM inverted devices with different top 
electrodes. 
 










ITO/ZnO/P3HT:PC61BM/MoO3(3.7 nm)/Al(100 nm) 10.5 0.53 0.63 3.54 
ITO/ZnO/P3HT:PC61BM/MoO3(3.7 nm)/Ag(100 nm) 10.4 0.53 0.66 3.63 
ITO/ZnO/P3HT:PC61BM/MoO3(3.7 nm)/Au(100 nm) 9.50 0.53 0.65 3.25 
.  
 



































Figure 2. 4. 8. Simulated optical properties of PTB7:PC71BM inverted solar cells with different top 
electrodes. (a) Absorbed light fraction. Solid lines show the absorption in the active layer and while 
dotted traces show the parasitic absorption of the top electrode. (b) - (d) Normalized electric field 
intensity. (b), (c), and (d) correspond to devices having Al, Ag, and Au electrodes, respectively. White 
dashed lines indicate the boundaries of each layer and white dotted traces represent absorption onset of 
PTB7:PC71BM. 
 
In order to thoroughly explore how the optical properties of the top electrode influence photocurrent 
generation in iPSCs, a numerical simulation was carried out using, TMM.187-189 Absorption not only by 
the active layer but also by the electrode was investigated via TMM. The distribution of the modulus 
squared of electric field intensity (|E|2), which is directly proportional to the charge carrier generation 
in the active layer, was also considered. Simulated absorption by the active layer and the top electrodes 
are shown in Figure 2.4.8a. The device with Al electrodes shows the highest absorption in the active 
layer, while the Au electrode device displays significantly reduced absorption of light at wavelengths 
from 400 nm to 600 nm. This drop in active layer absorption coincides with a region of strong absorption 
by the Au electrode. The parasitic absorption of each electrode corresponds well with changes in the 




layer with each electrode. Although Al absorbs a considerable amount of the light above 600 nm, 
absorption by PTB7 blends drops off rapidly above 700 nm and little difference is observed between 
the absorption spectra above 600 nm. The tendencies of the light absorption in the active layer modeled 
by TMM are consistent with changes observed in the shape of EQE spectrum of each device in Figure 
2.4.3c. 
Figure 2.4.8(b-d) shows the distribution of the |E|2 in each device with different electrodes. Figure 
2.4.8b shows strong intensity in the visible region compared with Figure 2.4.8c and d, implying Al has 
superior reflectance within the visible range. Due to absorption in near IR region, |E|2 is lower than the 
other metals at wavelengths of higher than 700 nm. Because the active layer absorbs little light at 
wavelengths greater than 700 nm, this parasitic absorption does not adversely affect photocurrent 
generation and it is apparent that Al is the best choice to maximize JSC in terms of optical properties. In 
the case of Ag, a parasitic absorption of light at the wavelength below 470 nm results in reduced |E|2 
intensity compared to Al electrode device, as shown in Figure 2.4.8c. Nonetheless, due to the high 
reflectance of light at wavelengths greater than 470 nm, the simulated JSC produced by the Ag electrode 
device is comparable to that of using Al. (16.8 mA cm-2 for the device with Al electrode and 16.2 mA 
cm-2 for that with Ag electrode). For active materials which absorb significant amounts of light at 
wavelengths greater than 700 nm, Ag electrodes may allow even higher JSCs compared to Al electrodes. 
|E|2 plots for Au electrodes are shown in Figure 2.4.8d and exhibit relatively weak intensity up to 700 
nm. This is due to the significant parasitic absorption by Au at wavelengths below 600 nm. This result 
demonstrates why devices with Au electrodes exhibit the lowest simulated JSC (15.3 mA cm
-2) among 
the devices. In order to ascertain if these results apply to systems other than the PTB7:PC71BM system, 
the optical simulations and analysis were carried out for the P3HT:PC61BM system as well. Similar 
tendencies were observed from the simulated optical properties of P3HT:PC61BM inverted PSCs by 
TMM (Fig. 2.4.9). These data and simulations are consistent with the experimental results showing that 
Ag and Al top electrodes are advantageous for achieving optimal current density due to their high 





Figure 2. 4. 9. Simulated optical properties of P3HT:PC61BM inverted solar cells with different metal 
electrodes. (a)-(c) Normalized electric field intensity. (a), (b), and (c) are for devices having Al, Ag, and 
Au electrodes, respectively. White dashed lines indicate the position of the active layer. (d) Absorbed 
light fraction. Dashed lines indicate the absorption in the active layer. (Simulated JSC : Al = 13.41, Ag 
= 13.05 and Au = 12.49) 
 
Other metals 
Although Al, Ag, and Au, are the most commonly used electrodes in inverted PSCs, it is 
possible to use other metals as top electrodes as well; we sought to carry out a comprehensive 
investigation of how a wider variety of metals affects the optical properties of OPV devices via 
TMM. Metals were selected which have appropriate work functions for use in the inverted 
structure and / or which have been applied as electrodes in other types of solar cells 190-192 
including Copper (Cu), Palladium (Pd), Platinum (Pt), Nickel (Ni), and Molybdenum (Mo).  
The JSC of PTB7:PC71BM inverted solar cells was simulated using each type of anode. For 
the calculation of JSC, the internal quantum efficiency (IQE) over all wavelengths was assumed 
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carriers which are extracted without any losses. Simulated JSCs for devices using each anode 
metal are compared in Figure 2.4.10. Al, Ag, and Au are included for comparison. In order to 
further quantify differences in each metal, we simulated the fraction of light absorbed by the 
metal electrode inside the device at three discrete wavelengths (400, 600, and 800 nm 
representing short, mid, and long wavelength regions of the visible spectrum, respectively). 
These results are summarized in Table 2.4.5. Spatial distribution of modulus squared electric 
field inside the device for each metal electrode was also considered in Figure 2.4.11. 
 
Figure 2. 4. 10. Simulated and measured Jsc in the PTB7:PC71BM inverted solar cells with each top 
electrode. IQE of the devices is assumed to be 100 %. 
 
Table 2. 4. 1. Simulated JSC of PTB7:PC71BM inverted solar cells with each top electrode and 














Al (4.3 eV) 16.8 4.08 7.1 28.7 
Ag (4.7 eV) 16.2 19.9 2.9 6.2 
Au (5.1 eV) 15.29 29.4 5.9 6.6 
Cu (4.7 eV) 15.22 22.9 9.3 9.2 
Pd (5.1 eV) 14.39 18.5 20.4 48.5 
Pt (5.7 eV) 13.71 22.4 24.8 57.7 
Ni (5.2 eV) 13.47 25.4 25 61.5 





Figure 2. 4. 11. Spatial distribution of normalized electric field intensity in devices with different 
electrodes. (a), (b), (c), (d), and (e) correspond to devices with Cu, Pd, Pt, Ni, and Mo electrodes, 
respectively. White dashed lines indicate the boundaries of each layer and white dotted lines demark 
the absorption onset of PTB7:PC71BM. 
 
It is noteworthy that the Cu anode exhibits comparable JSC to that of the device with the Au 
anode. Other metals, however, showed much lower JSC. The Cu electrode absorbed 22.9 % of 
the incident light at 400 nm, and 9.3 % and 9.2 % at 600 and 800 nm respectively. The absorption 










































































at 400, 600 and 800 nm, respectively.). Strong absorption at short wavelengths for both Cu and 
Au causes devices with these metal electrodes to generate relatively low JSCs compared to Al 
and Ag. 
Pd, Pt, Ni, and Mo electrodes all exhibited significant absorption across the visible spectrum 
and much higher absorption at 800 nm. Simulated JSCs for devices with Pd, Pt, Ni, and Mo 
electrodes were consistent with simulated absorption of each metal in the device. Although Mo 
is the most commonly used anode in thin film solar cells such as Cu (In,Ga)Se2 cells, this metal 
absorbs the largest amount of light and is expected to result in a 25% reduction in current relative 
to Al when used in inverted polymer solar cells. 
From these results, it is apparent that the optical properties of metal electrodes play a critical 
role in determining device properties of inverted PSCs. Unlike their thicker, inorganic 
counterparts, polymer solar cells cannot fully absorb the incident, non-reflected light in one pass, 
due to the thin active layers used in PSCs.193 Therefore, the reflectivity of the metal electrode is 
a crucial contributor to the generation of current in PSC devices and it is clear that Al and Ag 
are the best choices for high reflectivity. 




















Figure 2. 4. 12. Normalized PCEs for PTB7:PC71BM inverted solar cells with different top electrodes 
as a function of storage time in air under ambient conditions without encapsulation. 
 
Despite the clear advantages offered by the optical properties of Al and Ag electrodes, Au electrodes 
have been more generally used in iPSCs. This may be because Au possesses excellent air stability due 
to its high work function. Therefore, we sought to compare the air stability of Al and Ag electrodes with 
Au. Figure 2.4.12 shows the air stability of iPSCs in PTB7:PC71BM with three types of electrodes. 
Solar cells were exposed to air at room temperature without any encapsulation over a period of about 




The Ag electrode devices performed similarly, retaining over 96 % of their original efficiency. The 
devices with Al electrodes, however, were significantly degraded to approximately 25 % of their 
original performance. These results show that the poor air stability of Al electrodes may limit the 






In summary, we have elucidated relationships between the optical properties of top electrodes and 
the performance of inverted architecture solar cells using a suite of different metals. The reflectivity of 
each metal electrode is found to considerably influence the light harvesting within the active layer. The 
three metals Al, Ag and Au are found to offer the best optical properties and yield the highest JSCs via 
optimal utilization of reflected light. Among these three electrodes, Au suffers from the greatest parasitic 
absorption and the exhibits the lowest reflectance in the visible region, leading to significantly lower 
JSCs compared to the other electrodes. Al and Ag electrodes, however, have relatively good reflectance 
across the visible spectrum and produce larger JSCs. Al electrodes were found to lead to unstable devices 
with low FFs due to the low work function and reactivity of Al. These data, coupled with the advantage 
that Ag electrodes can be processed by solution methods such as printing or coating194 lead to the 
conclusion that the optimal top electrode for use in iPSCs is Ag, offering high performance, good air 
stability and convenient processability. This study provides guidelines and rational for the selection of 






Ⅲ. Design of Semitransparent Electrodes by Fabry-Pérot Etalon 
Structure 
 
3.1 Research Backgrounds 
Recent interest in integrating semitransparent photovoltaic devices into the windows of buildings 
and other architectural structures has increased. Among the many promising types of photovoltaics, 
organic solar cells (OSCs) show particularly high potential because of specific advantages such as their 
flexibility and light weight, as well as the inherent semitransparency of organic photoactive materials. 
195-203 For these reasons, semitransparent OSCs (STOSCs) are feasible for integration into structures 
such as rooftops, building exteriors, vehicle windows, and portable mobile power sources and have the 
potential for generating products that are both visually aesthetic and functional as renewable energy 
sources. 204-214 Notably, colorful STOSCs may be suitable for improving the aesthetics of structures in 
addition to being viable energy sources. 
For colored STOSCs, the colors of devices are usually determined by tuning the absorption spectra 
of the photoactive components. The photoactive layers mainly consist of two components of electron 
donor and acceptor materials, where the color of devices is controlled by tuning the absorption range of 
both photoactive materials. 215, 216 These types of devices are usually fabricated using thin single-layer 
semitransparent metallic electrodes. However, STOSCs that rely only on the active layer to produce 
color can rarely achieve vivid coloration due to the broad absorption spectra of the active layers.217 In 
addition, the thin metal electrodes used for high transparency have lower reflectance, which reduces the 
amount of re-absorbed light in the photoactive layer via refection at the electrodes.218, 219 This type of 
design results in lower photocurrent density and low photovoltaic performance as compared to opaque 
devices.220, 221 
Another approach to achieve colorful STOSCs involves optical engineering of electrodes to achieve 
high color-fidelity STOSCs. In this approach, a high reflectance composite electrode is achieved by 
constructing a dielectric cavity between two metal films, which exploits the interference effects in 
selectively transmitting specific frequencies of light while efficiently reflecting other wavelengths. 222-
225 These types of colorful semitransparent electrodes have been reported using fabrication techniques 
such as sputtering or E-beam evaporation to deposit the cavity layer.226, 227 Although effective, these 
processes for constructing metal-dielectric-metal (MDM) electrodes were proved not only to be time-
consuming, but they can also damage actives layers with increasing device resistance. 
In this study, we demonstrate a highly efficient strategy to produce colorful STOSCs based on MDM 
electrodes using a thermally evaporated antimony oxide (Sb2O3) as a dielectric cavity material. This 




low parasitic absorption. These types of Sb2O3-based MDM electrodes enable low sheet resistance and 
high transmittance values at specific wavelengths, leading to colored devices that perform well and with 
minimal photocurrent losses. 
 
3.2 Experimental Details 
Optimizing MDM electrodes: MDM electrodes were prepared by thermal evaporation and are 
composed of Sb2O3 (2 nm), Ag (25 nm), Sb2O3 (varying from 35 to 100 nm), and Ag (25 nm) onto a 
bare glass substrate at pressures below 10–6 Torr. Deposition rates for the Sb2O3 and Ag layers were 
1.2–1.6 Å /s and 1.4–2.0 Å /s, respectively. 






3.3 Results and Discussion 
Design and Fabrication of MDM electrodes 
Fabry-Pérot etalon (FPE) structures consist of two parallel reflecting metal films and a dielectric 
cavity film between them. 229, 230 Figure. 3.1a presents two approaches used to tune the transmitted 
spectra of FPE structures by varying either the thickness (t) or the refractive index (n) of the dielectric 
layer. This electrode configuration can produce clear color and high transmittance with good 
wavelength selectivity by simply adjusting thickness or choosing cavity materials of different refractive 
indices. We prepared FPE films by sequentially depositing Ag/Sb2O3/Ag films. Sb2O3 has a high 
refractive index and low extinction throughout the visible spectrum, as shown in Figure. 3.1b The low 
extinction coefficient leads to minimal parasitic absorption in MDM electrodes, whereas the high 
refractive index enhances light transmission through the metal/dielectric interfaces. In addition, in 
contrast to most other dielectric oxides, which are refractory in nature, Sb2O3 can be easily deposited 
by thermal evaporation. Because thermal evaporation is ubiquitously used to deposit electrodes in OSCs, 
this MDM system can be easily implemented using standard OSC facilities. 
 
 
Figure 3. 1. (a) Schematic of two methods to tune the wavelength of light transmitted by an FPE 
structure with MDM structures. (b) Refractive index and extinction coefficient of the Sb2O3 cavity used 
in this study. (c) Photographs of fabricated blue, green, and red MDM electrodes (5 x 5 cm2). 
 
Furthermore, we compared transmittance of Ag/MoO3/Ag and Ag/Sb2O3/Ag with varying thickness 






















































exhibited much higher transmittance compared to Ag/MoO3/Ag electrodes, indicating the Sb2O3 based 
MDM electrodes can efficiently reduce parasitic absorption, leading to minimizing optical losses. 
 
Figure 3. 2. Transmittance spectra of Ag/MoO3/Ag and Ag/Sb2O3/Ag electrodes. 
 
Thin Ag films are known to form islands and clusters. However, to achieve transparent electrodes 
and high-quality etalon structures, Ag thin films must have flat smooth surfaces and must be continuous 
to yield high electrical conductivity and avoid spurious localized surface plasmon resonance effects, 
which may arise from isolated Ag clusters. First, to produce high-quality Ag thin films with thicknesses 
of less than 30 nm, Ag was deposited onto 1-nm Au or 2-nm Sb2O3 seed layers. In previous studies, Au 
has been shown to serve as a seed layer for the deposition of high-quality thin Ag films. 231, 232 In this 
study, we discovered that Sb2O3 itself functions as an effective seed layer, thus simplifying the 
deposition procedure. Figure. 3.3 shows that thermally evaporated Ag thin films with thicknesses < 25 
nm (without seed layers) were found to be rough and covered with pinholes and cracks in films 
evaporated on bare glass. However, with Au or Sb2O3 seed layers, Ag thin films formed fully continuous 
networks without pinholes, even in the case of thin ~20-nm films. In particular, 2 nm thick Sb2O3 films 
enabled flat and pinhole-free Ag thin films to be obtained down to 15-nm of film thickness. The high 
quality of Ag thin films deposited on Sb2O3 seed layers resulted in superior transmittance as compared 






Figure 3. 3. SEM images comparing Ag thin films (15, 20, 25 nm) with and without Au or Sb2O3 seed 
layers. 
Ag 15nm Ag 20nm
Au 1nm + Ag 15nm
Ag 25nm
Au 1nm + Ag 20nm Au 1nm + Ag 25nm
Sb2O3 2nm + Ag 15nm Sb2O3 2nm + Ag 20nm
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Figure 3. 4. (a–c) Comparison of transmittance spectra of Ag thin films with or without Au or Sb2O3 




Figure 3. 5. (a–c) Measured transmittance spectra for blue, green, and red MDM electrodes with 
variable Ag thicknesses of 15, 20, and 25 nm, respectively. 
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To find optimized optical and electrical conditions for colorful semitransparent electrodes, we 
fabricated films with various Ag layer thicknesses, including 20, 25, and 30 nm (Figure. 3.5), while the 
Sb2O3 layer thickness was varied to produce etalon structures that transmitted red, green, and blue light. 
Increasing the thickness of Ag films resulted in reduced transmittance and decreased full width at half 
maximum for transmitted bands of light. In the context of STOSCs, one must consider not only that the 
transmitted wavelengths of light through MDM electrodes will affect color, but that reflected light may 
be re-absorbed by the photoactive layer and may thus affect the current density produced by the device. 
Therefore, Ag films with 25-nm thickness were found to provide the best balance of optical properties 
and solar cell characteristics. Therefore, this thickness was selected for more detailed characterization 




Figure 3. 6. (a) Experimental transmittance spectra of MDM electrodes with a variety of Sb2O3 
thicknesses (Sb2O3 2 nm/Ag 25 nm/ Sb2O3 35–100 nm/Ag 25 nm) as compared to a Ag (50 nm) 
reference electrode. (b) Calculated color coordinates of various thicknesses of a Sb2O3 layer in an MDM 
structure on the CIE 1931 chromaticity diagram (white triangle indicates the Adobe RGB color space). 
 
 
We fabricated MDM electrodes with a variety of colors by varying the thickness of the middle 
Sb2O3 layer in the etalon structure (Sb2O3 2 nm/Ag 25 nm/Sb2O3 35–100 nm/Ag 25 nm). Figure. 3.6a 
presents transmission spectra of MDM electrodes as a function of Sb2O3 cavity thickness. When the 
MDM electrode had no cavity between metallic layers (Sb2O3 2 nm/Ag 25 nm/Sb2O3 0 nm/Ag 25 nm), 
the structure behaved as a normal reflective metallic mirror and exhibited strong reflection throughout 






transmission band with a maximum wavelength in the range of 400 to 650 nm (from bluish to reddish 
light) was fine-modulated. The band of transmitted light can be calculated by the following relation, 
which describes constructive interference modes in an etalon structure: 
 𝑚𝜆 = 2𝑛𝑑𝑐𝑜𝑠𝜃 (3-1) 
where m is the order of interference, λ is the wavelength of transmitted light, n is the refractive index 
of the cavity, d is the thickness of cavity, and θ is the angle of incident light. Thus, as the thickness of 
the Sb2O3 cavity increased, the wavelength of transmitted light increased following the wavelength of 
constructive interference modes. The measured transmission spectra shown in Figure. 3.6a are 
consistent with the aforementioned relation. For each transmission spectrum, color coordinates were 
calculated using international commission on illumination standards (CIE 1931). These color coordinate 
data are plotted in Figure. 3.6b. Color coordinates of MDM electrodes followed a clockwise arc through 
CIE space, from blue to green to red, as the thickness of the Sb2O3 cavity increased. Finally, the 
optimum blue, green and red MDM electrodes were fabricated with a configuration of Ag 25nm/Sb2O3 





In summary, we designed Sb2O3-cavity-based FPE electrodes that can easily be prepared by thermal 
evaporation, and we demonstrated their application in various color semitransparent electrodes. Various 
metal oxide based MDM electrodes have been reported, such as Ag/TiOx/Ag, Ag/ITO/Ag, etc. However, 
TiOx or ITO can be deposited by only e-beam evaporation or sputtering which can significantly damage 
the organic active layer, resulting in deterioration of device performance. However, Sb2O3 can be 
conveniently deposited by thermal evaporation to yield uniform, high-quality thin films. These 
attributes enable it to yield highly efficient semitransparent OSCs without damaging the active layer. 
The results of these are shown in Chapter 4. Furthermore, because thermally evaporated Sb2O3 has low 
parasitic absorption compared to other thermally evaporated dielectrics such as MoO3, we were able to 
successfully fabricate MDM electrodes with very high transmittance, even though two 25 nm thick Ag 




Ⅳ. Finding Colorful (RGB) Organic Active Materials and Application 
Semitransparent Electrodes to OSCs. 
 
4.1 Experimental Details 
Device fabrication and characterization: OSCs were fabricated with a architecture of ITO 
patterned glass/PEDOT:PSS/active material/ZnO NPs/Sb2O3 (2 nm)/Ag (50 or 100 nm) or MDM 
electrodes. ITO substrates were sequentially cleaned with distilled water, acetone, and isopropanol by 
ultrasonication for 10 min. The substrates were dried at 100°C overnight. The cleaned ITO substrates 
were UV-ozone treated for 30 min and PEDOT:PSS (AI4083) layers were spin-coated onto the cleaned 
ITO substrate and annealed at 150 °C for 10 min in air. 
Photoactive layer solutions were prepared as follows. For high efficiency colored active layers, 
J52:IEICO-4F:NIDCS-HO (0.9:1:0.1; 10 mg/mL for J52) in CB:1-chloronaphthalene (CN) (99:1 v/v), 
PTB7-Th:COi8DFIC:PC71BM (1:1.05:0.45; 10 mg/mL for PTB7-Th) in CB:CN (99:1 v/v), PM6:Y6 
(1:1.2; total of 16 mg/mL) in chloroform (CF):CN (99.5:0.5 v/v) were used to prepare red, green, and 
blue active layers, respectively. Fig. 4.1 displays the molecular structures of all active materials which 
are used in this work. 
Each blend solution was then spin-coated onto PEDOT:PSS layers at 2000 rpm for 40 s, at 2000 
rpm for 40 s, at 1000 rpm for 40 s, and at 3000 rpm for 40 s for achromatic, red, green, and blue, 
respectively. ZnO NPs solutions were spin-coated on top of the active layer as electron transport layers. 
Subsequently, all devices were completed by thermal evaporation of top electrodes at pressures below 
10–6 Torr. 
The J-V characteristics of the devices were measured using a Keithley 2635A source measure unit 
in a N2-filled glove box. A mask (4 mm
2) made of a thin metal was attached to each cell before 
characterization under AM 1.5 G illumination at 100 mW cm−2. Light intensity dependence of the JSC 
was measured using neutral density filters. The EQEs of the devices were measured by employing a PV 
measurements QE system using monochromatic light from a Xenon lamp under ambient conditions. 
The intensity was calibrated relative to a standard Si photodiode. To avoid overestimation by double-
pass effect, the J-V characteristics and the EQEs of all semitransparent devices were measured on a 
matte black backdrop.228 A Varian Cary 5000 spectrophotometer was used to determine the 



















4.2 Results and Discussion 
Application MDM electrodes to OSCs 
We fabricated conventional OSCs with a device configuration of glass/ITO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/PTB7-Th:PC71BM/ZnO NPs/Sb2O3 (2 
nm)/MDM electrodes or Ag (50 or 100 nm). As high color-rendering-index value materials, PTB7-
Th:PC71BM blends were used in our studies. We prepared ~100nm thick active layer films using a 
PTB7-Th:PC71BM blends ratio was 1:1.5 (by weight). Figure. 4.2a shows both our device and MDM 
electrode structures as well as a digital photograph of devices with integrated MDM electrodes (top: 
reflected color, bottom: transmitted color of MDM electrodes) and Figure. 4.2b displays the schematic 
of the dichroic effect of MDM electrode structure and solar cell device architecture. Because the MDM 
electrodes had high transmittance at specific wavelengths and high reflectance at other wavelengths, 
the active layers could reabsorb a broad spectrum of light that was reflected from the MDM electrodes. 
233 This contrasts with most well-known transparent electrodes such as thin metal films, graphene, Ag 
NWs, and ITO, which transmit broad ranges of light indiscriminately and/or parasitically absorb light. 
234-239 In other words, photocurrent losses in devices with MDM electrodes can be less than in other 
STOSCs.  
 
Figure 4. 2. (a) Digital photograph of devices with Ag 100 nm, Ag 50 nm, and blue, green, red MDM 
electrodes. The top images show reflected colors and the bottom images show transmitted colors. (b) 




Measured device characteristics including (c) J-V curves, (d) EQE spectra, and (e) transmittance of 
OSCs fabricated with Ag (100 nm), Ag (50 nm), blue, green, and red MDM electrodes. 
 
Table 4. 1. Photovoltaic performance parameters and TMAX of the OSCs with Ag (100 nm), Ag (50 nm), 













Ag 100 nm 14.63 14.68 0.80 0.72 8.49 (8.42±0.13) - 
Ag 50 nm 14.23 14.21 0.80 0.72 8.16 (8.15±0.12) 
19.48 @ 
325 nm 
MDM (B) 12.37 12.75 0.81 0.70 7.03 (6.80±0.19) 
22.50 @ 
448 nm 
MDM (G) 12.16 11.51 0.80 0.72 6.99 (6.92±0.09) 
31.91 @ 
522 nm 
MDM (R) 11.36 11.86 0.80 0.71 6.43 (6.10±0.34) 
30.41 @ 
636 nm 
a)Averaged PCEs and standard deviations obtained from 10 devices are stated in parenthesis. 
 
 
Figure. 4.2c–e present the current density-voltage (J-V) curves and external quantum efficiency 
(EQE) spectra and transmittance of STOSCs fabricated with various electrodes including Ag (100 nm), 
Ag (50 nm), blue, green, and red MDM electrodes. All devices were characterized under AM 1.5 G 
illumination at 100 mW cm−2 intensity. The corresponding device parameters are summarized in Table 
4.1 The device parameters were taken from the best performing device, whereas the power conversion 
efficiencies (PCEs) are reported for both the champion device as well as the average of six devices. A 
reference device with a 100-nm thick Ag top electrode was included for comparison. The reference 
device exhibited a PCE of 8.49%, including a short-circuit current density (Jsc) of 14.63 mA cm
-2, open-
circuit voltage (Voc) of 0.80 V, and fill factor (FF) of 0.72. When the MDM electrodes had no cavity (t 
= 0, Ag 50 nm), a PCE of 8.16% (Jsc = 14.23 mA cm
-2, Voc = 0.80 V, and FF = 0.72) was observed. The 
slightly lower JSC and PCE could be attributed to incomplete reflection of the 50-nm-thick Ag electrode, 
which led to lower photocurrent generation in the active layer. Devices with blue, green, and red MDM 
electrodes yielded PCEs of 7.03% (Jsc = 12.37 mA cm
-2, Voc = 0.81 V, and FF = 0.70), 6.99% (Jsc = 
12.16 mA cm-2, Voc = 0.80 V, and FF = 0.72) and 6.43% (Jsc = 11.36 mA cm
-2, Voc = 0.80 V, and FF = 
0.71), respectively. Interestingly, the Voc and FF of all devices were nearly identical, whereas only the 




exhibited photocurrent losses of 15.4%, 16.9%, and 22.4% for blue, green, and red, respectively, as 
compared to the reference devices (Ag 100 nm). These losses were comparable to the fraction of light 
transmitted through the devices. Figure. 4.2c and Figure. 4.2d show the EQE and transmittance spectra 
of the resulting devices. Troughs in the EQE spectra occurred in the same wavelength range as the peaks 
in transmittance for each device. Specifically, the measured transmittance maxima were 22.50% at a 
wavelength of 448 nm, 31.91% at 522 nm, and 30.41% at 636 nm for the blue, green, and red devices, 
respectively, which again correlated well with the relative decrease in JSC for each device relative to the 
non-transparent silver reference electrode. 
 
 
Figure 4. 3. Calculated optical field distributions of OSCs fabricated with ITO bottom electrodes and 
blue, green, and red MDM or Ag 50 nm top electrodes. 
 
Spatial distributions of electric fields inside the devices were calculated using transfer matrix 
formalism and are shown in Figure. 4.3. Optical constants were taken from previously reported works 




structure with the reflective silver reference electrode exhibited a fairly uniform region of high field 
intensity spanning a wavelength range of 400 to 700 nm within the PTB7-Th:PC71BM layer and an 
optical field that quickly dropped to zero within the Ag electrode. For each colored device, the field 
intensity at the wavelength corresponding to its transmission maximum was significantly reduced 
within the active layer while being amplified within the MDM electrodes. In particular, for the blue 
devices, the field intensity at 400–500 nm was reduced in the PTB7-Th:PC71BM layer but increased for 
the same wavelength range within the MDM electrode. The green and red devices showed the same 
decrease in intensity in the active layer and the occurrence of transmission modes within the electrode 
at approximately 550 and 650 nm, respectively. These effects of MDM electrodes on the optical fields 
within the devices are consistent with the observed EQE reduction in colored devices (Figure. 4.2c) 
and observed transmittance characteristics (Figure. 4.2d). 
 
Only the JSC values were reduced with MDM electrodes, whereas the VOC and FF were negligibly 
changed. This indicates that the MDM electrodes function well as top electrodes relative to standard 
Ag electrodes. To investigate whether MDM electrodes affected electronic processes within the devices, 
we measured the JSC dependence on light intensity (Ilight) for the photovoltaic devices with different top 
electrodes (including Ag (50 and 100 nm)) as well as with blue, green, and red MDM electrodes. In 
general, the JSC values followed a power law with respect to Ilight, thus JSC ~ Ilight
s. If s is close to unity, 
the devices have weak bimolecular recombination.241 As Figure. 4.4a shows, the devices with MDM 
electrodes had similar s values of approximately 0.984 on average compared to Ag 100 nm and Ag 50 
nm devices. This indicates that devices with MDM electrodes had a negligible effect on bimolecular 
recombination, which was like Ag electrodes. In addition, to investigate charge dissociation and 
collection properties, photocurrent density–effective voltage (Jph–Veff) properties were also investigated, 
where Jph = JL – Jdark (JL is the current density measured under illumination, whereas Jdark is measured 
under dark conditions) and Veff = V0 – V (V0 is voltage at Jph = 0) as shown in Figure. 4.4b.
242 As 
expected, Jph of all devices with MDM electrodes was slightly reduced compared to the device with 
reference Ag electrodes because of the fraction of light transmitted through the devices with the MDM 
electrodes. However, all the MDM devices showed rapid (at Veff ~0.2 V) and complete saturation of 
photocurrent, which was comparable to Ag electrode-based reference devices. The similar photocurrent 
saturation indicated that charge carriers were dissociated and collected with MDM electrodes with equal 
efficiency as compared to Ag-based devices. These results are consistent with previous JSC vs. Ilight 
characteristics for the active layers used, indicating that our MDM electrodes have excellent electrical 





Figure 4. 4. Plots of (a) JSC vs. light intensity, (b) photocurrent density vs. effective voltage (Jph-Veff) 
characteristics, and (c) dark J-V curves for the photovoltaic devices with various electrodes. (d) Average 
sheet resistances of the top electrodes. 
 
Furthermore, resistance properties were investigated by analysis of dark J-V curves (Figure. 4.4c) 
of photovoltaic devices. The sheet resistances of the various electrodes are presented in Figure. 4.4d. 
Dark J-V curves of devices with MDM electrodes showed excellent diode properties with low leakage 
currents at reverse voltages and nearly the same rectification ratio (~105) as compared to Ag electrodes. 
In addition, suitably low sheet resistances were observed for all of the electrodes, with values of 0.42, 
1.07, 1.29, 1.11, and 1.26 (Ohm/sq) on average for Ag (100 nm), Ag (50 nm), blue, green, and red 
MDM electrodes, respectively. These results confirm that MDM electrodes have comparably high 
conductivity and introduce negligible losses because of their appropriate shunt, series, and sheet 
resistances. The characteristics of MDM electrodes based on Sb2O3 demonstrate that they are 
outstanding color-filtering electrodes that can be used to fabricate high-efficiency STOSCs without 






































































































































Finally, to achieve high-efficiency STOSCs with even greater color saturation, we fabricated 
STOSCs in which the colors of the MDM electrodes were matched to the colors of different active layer 
materials. For demonstration of STOSCs using FPE-structured electrodes, we first employed PTB7-
Th:PC71BM as an active material, because of the broad absorption covering a whole visible range, high 
performance and desirable optoelectronic properties of PTB7-Th:PC71BM.
243 However, these types of 
semitransparent colored OSCs with active materials that absorb uniformly across the visible spectrum 
(such as PTB7-Th:PC71BM) show relatively large photocurrent losses, as the band of transmitted light 
causes a significant decrease in EQE at the same wavelengths. To reduce this photocurrent loss, we 
applied MDM electrodes to active materials with low absorption coefficients at the same wavelengths 
as the transmission bands of the MDM electrodes. 
 
 
Figure 4. 5. J-V curves and EQE spectra of the control (Ag 100 nm) and semitransparent (blue, green, 
red MDM electrodes) devices based on (a, d) PM6:Y6 as blue active materials, (b, e) PTB7-
Th:COi8DFIC:PC71BM as green active materials, (c, f) J52:IEICO-4F:NIDCS-HO as red active 
materials, respectively, under AM1.5G (100 mW cm-2) illumination. 
 
 
Conventional type devices were prepared with active layers consisting of PM6:Y6, PTB7-
Th:COi8DFIC:PC71BM, and J52:IEICO-4F:NIDCS-HO as blue, green, and red active layer materials, 
respectively (see molecular structures in Fig. 4.1). 244-246 To compare the relative photo current losses, 
a reference device with a Ag (100-nm) top electrode was also prepared and characterized alongside 
STOSCs with blue, green, and red MDM electrodes. Fig. 4.5 reports the J-V curves and EQE spectra 
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of these devices. Corresponding transmittance spectra of these semitransparent devices are included in 
Fig. 4.6, and the device parameters are summarized in Table 4.2.  
 
Table 4. 2. Photovoltaic performance parameters and TMAX of the OSCs with red, green, and blue active 
















Ag 100 nm 23.6 22.5 0.86 0.75 15.1 - 






Ag 100 nm 20.0 19.4 0.71 0.74 10.5 - 






Ag 100 nm 18.7 17.7 0.74 0.63 8.62 - 








Figure 4. 6. Transmittance spectra of blue, green, and red semitransparent devices without MDM 
electrodes and integrating B, G, and R MDM electrodes, respectively. Different active layers were 
chosen to optimize the transmittance of specific wavelengths of light. (Dash line: 
ITO/PEDOT:PSS/Active layer/ZnO(ETL), solid line: ITO/PEDOT:PSS/Active layer/ZnO(ETL)/Sb2O3 
/Ag/ Sb2O3/Ag ) 
 
As expected, the photocurrent losses of semitransparent devices with spectrally matched active layer 
materials were less than those for devices using PTB7-Th:PC71BM. The spectrally matched STOSCs 
showed a JSC loss of 11.4% (23.6→20.9 mA cm
-2), 5.5% (20.0→18.9 mA cm-2) and 13.3% (18.7→16.2 
mA cm-2) for blue, green and red colored devices, respectively, compared to the reference device with 
a 100nm-thick Ag electrode. In comparison, semitransparent blue, green, and red STOSCs using PTB7-
Th:PC71BM as an active material showed photocurrent losses of 15.4%, 16.9%, and 22.4%, respectively. 
These results demonstrate clearly that photocurrent losses in semitransparent devices can be minimized 
by color matching of active layer materials to the transmission bands of MDM electrodes. Using this 
approach, we successfully achieved outstanding PCEs of 13.3% (TMAX 24.6% @ 445nm), 9.71% (TMAX 
35.4% @ 511nm), and 7.63% (TMAX 34.7% @ 633nm) for blue, green and red STOSCs, respectively. 
Moreover, excellent transmittance spectra with relatively narrow but intense transmission bands at each 





In this study, we investigated two types of colorful and semitransparent OSCs based on achromatic 
(PTB7-Th:PC71BM) and chromatic (PM6:Y6, PTB7-Th:COi8DFIC:PC71BM and J52:IEICO-
4F:NIDCS-HO as blue, green and red active materials) photoactive layers with MDM electrodes. We 
successfully demonstrated vivid colored, R/G/B semitransparent OSCs using achromatic active layers, 
showing PCEs of 7.03, 6.99 and 6.43% with blue, green, and red MDM electrodes, respectively. In 
addition, we demonstrated that the photocurrent losses in colorful, semitransparent OSCs could be 
significantly reduced by matching the chromatic active layer with the transmittance maxima of the 
R/G/B MDM electrodes. Optical losses were minimized by carefully selecting active layer materials 
such that their intrinsic transmission bands matched well with the transmission maxima of the MDM 
electrodes. Finally, we achieved outstanding efficiencies of as high as 13.3% in PM6:Y6 STOSCs using 
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The fear of the Load is the beginning of the knowledge. (Provebs 1:7) 
 
2011년 1월 NGEL의 멤버가 되어 어느덧 10년이 지났네요, 그 누구보다 긴 시간을 NGEL과 함
께 했기에 감사할 사람이 많아 긴 감사의 글이 될 것 같습니다 ^^ 
먼저는 기나긴 석. 박 과정을 끝까지 포기하지 않고 마칠 수 있도록 기다려 주시고, 지지해주신 
지도교수님 김진영교수님께 감사의 말씀을 드립니다. 저는 UNIST에 들어와서 인륜지대사를 모두 
치른 듯합니다^^; 그 모든 시간 가운데, 교수님의 위로와 격려가 없었더라면, 저는 진작에 학위를 
포기했을 것 같습니다. 육아와 학위를 동시에 하는 것이 너무나 버거워서 몇 번 이나 학위를 포
기하려 할 때 마다, “지금 포기하면 나중에 정말 후회할꺼야,,, 그냥 차라리 휴학을 해서 조금 쉬
고 다시 시작해보자.” 하며 붙잡아 주셨고, 스스로 너무 부족하다 느껴져 포기하고 싶을 때면, “대
학원 생활은 버티는 거야, 잘하는 놈보다 끝까지 버티는 놈이 박사학위 받는 거야. 끝까지 버텨라. 
버티기 위해선 건강해야해. 건강 잘 챙기고!” 해 주셨던 말씀들이 저를 버틸 수 있게 해주었던 것 
같습니다. 지난시간, 많은 배움들이 있었지만, 한가지를 꼽자면, 다른 사람을 포용해주고 기다려주
는 것이 누군가에겐 인생에 큰 기회를 주게 되는, 결코 작지 않은 일이 될 수 있다는 걸 배우게 
됩니다. 교수님, 정말 감사합니다. 교수님은 정말 좋은 분 이세요.…*^^* 
다음으로는 기꺼이 졸업논문 심사위원으로 응해 주신 송명훈교수님, 권태혁교수님, 서정화교수
님, 김동석센터장님 진심으로 감사드립니다. “아줌마가 학위 한다고 고생 많다”며 다들 따뜻한 응
원과 격려해주시고, 귀한 조언들 해주신 덕분에 지난 긴 학위 과정의 연구들을 잘 정리할 수 있
었고, 졸업논문을 완성할 수 있었습니다. 특히 긴 시간 내주셔서 인생상담까지 해 주셨던 권태혁
교수님, 교수님께서 해 주셨던 조언들은 제 삶에 두고두고 귀한 양분이 될 것입니다. 연구에 아직 
감도 없던 1학년때 논문을 쓸 수 있는 연구가 무엇인지를 알려주셨던 양창덕교수님, 학위 마지막 
공동연구를 통해 논문을 잘 쓰는 방법들을 가르쳐 주신 우한영교수님, 수아를 임신했을 때 혹여
나 제가 학위를 포기하진 않을까…염려하시며, 부부 박사의 결혼과 육아를 경험하셨기에 어려움
을 이미 알고 진심 어린 조언들을 해 주셨던 송현곤교수님, 지금은 UNIST에 계시지 않지만, 임현
오빠의 지도교수님으로 저희 부부를 많이 아껴 주셨던 전용석 교수님, 화학과 물리를 넘나들며 
어떠한 질문에도 늘 친절히 쉽게 풀어 가르쳐 주셨던 NGEL의 천사 Bright 교수님. It was a great 
blessing for NGEL members to meet Professor Bright at NGEL and see and learn from you :) 여성 과학자로 
학위 중간중간 많은 조언을 해 주셨던 서정화교수님, 송수희박사님께도 감사한 마음을 전해드리
고 싶습니다. UNIST에 와서 정말 좋은 과학자(교수님, 박사님)분들 많이 만날 수 있었던 건 제 인
생에 큰 축복이었습니다. 다시 한번 귀한 가르침들에 깊은 감사를 드립니다. 
 




전하고 싶습니다. 오랜시간 NGEL의 현역으로 있었던 만큼 감사해야 할 사람들이 참 많네요. 위
에서부터 내려갈께요~~ㅋ 먼저 우리 NGEL의 맏형 기환이행님^^ 오빠 진짜 고마워요~ 처음 1학
년땐 호랑이같이 무서웠던 오빠 덕분에 눈물 쏙 빼며 배웠던 기억이 큰데, 제가 선배가 되고 나
니 오빠의 깊은 뜻을 많이 깨닫네요. 오빠가 NGEL을 얼마나 아끼고 있고 후배들을 잘 끌어주고 
싶은 마음에서 했던 수고들이었단 걸 선배가 되어보고 나니 가슴깊이 느끼고 더 더 감사하게되요. 
글고 무엇보다… 임현오빠와 저의 오작교가 되어주신 오빠의 은혜는 평생 잊지 않을께요^^ 오빠 
안목짱~!!ㅋㅋㅋ 늘~오빠한테 감사해 하라는 오빠말 ㅋㅋㅋ 우끼긴 하지만…진짜 진심으로 그렇
게 생각하고 있어요. 오빠 많이 고마워요. 다음으론 저의 Angel of NGEL 명희언니^^ 언니 덕분에 
이렇게 좋은랩에 컨텍하게 되고 처음부터 지금까지 끌어주고 때때마다 힘이 되어주셔서 정말 고
마워요. 가만히 돌아보면 정말 힘들때나, 기쁠때나, 언니가 항상 제게 힘이 되어주고 많이 응원해
준 덕분에 지금까지 잘 버틸 수 있었어요. 언니가 틈틈히 제 책상위에 올려두었던 응원의 쪽지들
은 지금도 모아두고 한번씩 꺼내봐요♡ 우리 랩 맏언니로 여학생들에게 귀감이 되어 주셔서 정말 
감사해요. 다음으로 NGEL의 전설 같은 선배 효성오빠, 대학원 생활에 시간을 어떻게 가장 효율
적으로 쓸 수 있는지 정석을 보여주셔서 많이 배웠습니다 감사해요^^. NGEL의 성실의 아이콘 서
진오빠, 1학년땐 오빠가 참 어려운 선배였는데, 시간이 지날수록 누구보다 오빠에게 정이 많이 쌓
여가네요^^ 오빠를 보며 성실과 가족을 생각하는 따뜻한 마음을 배웠었어요. 오빠 덕분에 제가 
많이 성장할 수 있었답니다. 많이 고마웠어요. 나의 동기들~ 태효미, 씸빰^^ 이젠 어엿한 정출연
박사님이 되셨지만,,,태효오빠는 내겐 영원한 태효미, 그리고 내게 복음을 전해준 영혼의 은인 씸
빰.너와 UNIST에서 함께했던 시간은 몹시 짧았지만, 내 인생에 너가 전해준 보석은 그 무엇보다 
크구나. 정말 정말 고맙고 애정해요 내 동기들♡. 다음으론 나의 입학 후배이자 졸업 선배님들^^ 
무엇이든 물어보면 친절히 답해주는 엔젤의 검색엔진 학범오빠, 항상 밝고 씩씩한 긍정의 에너지
로 동생이지만 언니처럼 날 끌어주는 세영이, 묵묵히 할 일을 하지만 마음을 따뜻하게 만들어주
는 재기오빠, 센스와 재치를 겸비한 말들로 무엇이든 친절히 도와주는 똑똑이 정우, 조용히 자기 
할 일을 척척해 내는 택호, 선배들에게도 후배들에게도 참 잘하고 일도 잘하는 다재다능한 송이
까지. 여러분 덕분에 저 졸업합니다~^^ 마지막으로 나의 귀여운 후배님들, 이젠 귀엽다고 하기엔 
나이가 꽤 들어버린 후배들 강택, 영진, 나경, 함께 졸업하게 되어 영광입니다 ^^ NGEL의 웃음바
이러스 재원이 항상 우리를 유쾌하게 만들어줘서 고맙다, 묵묵히 궂은일을 도맡아 하는 형수, 뒤
에서 남몰래 누나를 응원하고 있었다는 말로 누나 맘 따뜻하게 해주었던 귀여운 윤섭이 힘들 때 
많이 힘이 되었었어 고맙다, 힘든 순간 묵묵히 잘 견뎌주고 폴리머 팀에 중심이 되어주어서 고마
운 혜원이, 무엇이든 넵! 하고 잘 따라와주는 귀염둥이 폴리머팀 누나들의 우리지우, 육아하면서 
학위하기 많이 힘들지…그래도 잘하고 있다 화이팅이다 종득아, NGEL의 막둥이들 우진, 도훈, 중
건, 찬범, 현서, 진희, 태희까지. 
감사의 글을 적으려 지난 10년을 가만히 뒤돌아보니, NGEL은 저를 많이 성장하게 해준 든든한 
집과 같았고, 실험실 사람들은 제게 그런 성장을 함께 해주는 식구들이었습니다. 몇달 후면 
NGEL을 떠날 생각을 하니 만감이 교차한다는 말이 뭔 지 정확히 알 것만 같습니다. 늘 우리 교





특별히 다시한번, 여러 번의 휴.복학으로 감 못 잡고 헤맬 때, 그때마다 큰 도움 주었던 
명희언니, 세영이, 정우, 송이, 나경이 모두모두 정말 고마워요^^ 참 손이 많이 가는 아줌마였는데, 
다들 싫은 내색 한번없이 친절하게 제 일처럼 마음 써주고 함께 해줘서 모든 학위 마무리 지을 
수 있었습니다 ^^♡ 
 
사랑하는 우리 가족들에게 역시 깊은 감사의 마음을 전하고 싶습니다. 
먼저는 낳아주고 길러준 우리 엄마, 아빠, 감사해요. 아이를 낳고 보니 이만큼 사람을 
길러낸다는 것이 얼마나 큰 희생이 필요하고 어려운 일이라는 걸 알게 되었어요. 어릴 적부터 
꾸었던 과학자의 꿈을 이룰 수 있게 응원해주고 지지해 주셔서 감사해요. 사랑해요.  
저의 또 하나의 부모님 울 어무니 아부지, 정말 감사해요. 어린 저를 길러주신 건 저의 
부모님이 셨지만, 지금의 저를 만들어 주신 건 두분 이세요. 두 분을 뵈며 저렇게 살아야지, 저런 
부모가 되어야지 많이 배우고 늘 힘을 얻습니다. 학위 기간 내내 모든 부분에서 망설임없이 
도움을 주셨던 어무니 아부지 정말 정말 감사드려요. 어무니 아부지 덕분에 수아도 은우도 
이만큼 키울 수 있었고, 수아아빠도, 저도 학위 무사히 잘 마칠 수 있었습니다. 그리고, 미라언니 
늘 예쁜 미소 예쁜 말로 좋은 누나 좋은 고모 되어 주셔서 감사해요. 사랑합니다. 
사랑하는 여보♡ 고마워요. 언제나 나의 든든한 울타리와 버팀목이 되어주는 당신.  
내가 몇 번이나 학위 포기하겠다고 할 때마다 어르고 달래 주고 기도해준 덕분에 지금까지 올 수 
있었네.. 여보도 나랑 똑같이 학위하며 육아하며, 취업하며, 많이 힘들었을텐데, 힘든 내색 안하고 
항상 밝은 모습으로 “아~ 좋다. 아~ 감사하다.” 라고 이야기하며 긍정의 에너지를 주는 당신♡ 
진짜 당신 아니었음 이 모든 것 못 해 냈을 거야. 정말 고마워요. 매일 어제보다 오늘 더 
사랑할께. 
마지막으로 엄마의 보물들 조수아 조은우♡ 공부중에 수아랑 은우를 얻어 엄마로 학생으로 
동시에 살아내느라 힘든 순간도 있었지만, 우리 딸 아들의 엄마로 살아내면서 누리는 행복과 
기쁨이 훨씬 컸기에 너네는 엄마에게 이 공부를 끝까지 마칠 수 있게 해준 힘이 되었단다 ^^ 
엄마가 공부하는 엄마라 온전히 함께 못 있어줄 때도 많았는데, 우애 좋게 건강하게 바르게 잘 
자라줘서 고마워♡ 이제 엄마랑 더 실컷 많~이 놀자 ^^ 사랑한다 우리 아가들♡ 
 
이 밖에도 조인규초원지기님, 이영엽목녀님, 승진언니, 언식오빠, 이니언니, 목장식구들(한별오빠, 
이래언니, 태우오빠, 정혜, 지윤이, 희정이, 정수오빠, 선영이, 희영언니, 나경언니, 수연이, 
충선오빠, 아림언니, 혜승이), 초원식구들을 비롯하여, 함께 연구했던 김이호차장님, 경식오빠, 
보람이, 룸메 지연이, 호정이, 매주 수요일 함께 찬양했던 현진쌤, 지혜쌤, 그리고 지혜언니와 
예나네 가족들까지.. 
 
많은 분들의 도움이 있었기에 이렇게 박사학위를 받을 수 있었습니다. 
 
다시 한번 진심으로 감사드립니다. 
